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Abstract.
Hypeitrophic scai's are painful and unsightly scars frequently resulting from dermal 
trauma and characterised by excessive collagen. The application of silicone gel sheeting 
is an effective treatment for these scars.
Proton Induced X-Ray Emission, Elastic (Non-Rutherford) Backscattering and 
Instrumental Neutron Activation were used to determine the compositional changes in the 
silicone gel sheeting and the skin resulting from contact of the gel with scarred and 
unscarred skin, and found that although in vitro tests on split skin and in vivo tests using 
unscaned tissue causes the skin to absorb Si (an essential constituent of collagen) from 
the silicone gel sheeting; in vivo tests on hypertrophie scar and control tissue show the 
reverse: silicone gel sheeting absorbs Si from hypertrophic scars against the concentration 
gradient. It is believed that this is an important factor in the success of the treatment of 
hypertrophic scars by silicone gel sheeting.
The major, minor and trace element composition was determined for a total of 35 skin 
samples including breast, abdominal and hypertrophic scar tissue, comparing dermis and 
epidermis for these samples. Some split skin samples were also included. The 
hypertrophic scar tissue is characterised by enhanced Si content, with 3wt% compared 
with an average of 2wt% for the unscarred tissue. A pilot clinical trial was then 
conducted on 20 unscaired volunteers as controls over a week, and 9 volunteers with 
hypertrophic scars (clinical gel) over a three month period with silicone gel sheeting 
nominally used according to a strict protocol. Two subjects did not complete the trial, and 
there was evidence of non-compliance for at least three others. However, without 
excluding any data, we have observed a significant increase (10±1%) in Si content of the 
silicone gel sheeting in contact with hypertrophic scar over the controls.
Significant composition differences between the dermis and the epidermis were observed
as expected. Differences between the composition of scarred and unscarred tissue were 
not large. Significant increases in the average elemental composition were seen between 
the clinical gel compared to the unused gel for the elements: Cl, K, Ca, Fe and Ag 
providing further evidence that the gel absorbs elements from the scar tissue.
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Chapter 1. Introduction.
All life is made up from the major, minor and trace elements. Essentially human beings 
consist of H, C, N, and O which are the major elements, and minor elements such as Na, 
Mg, P, S, K, and Ca, which together constitute 99% of all living matter [Dav72]. A 
major element is defined as being >1% of the total body concentration, minor 0.001-1%, 
and trace <0.001%. Trace elements were initially given this title as the concentrations 
which were present in the body were too small to be measured accurately, with the 
available techniques, and were found in the body with concentrations in the region of 
yWg/g (or parts per million). Nowadays, with more sensitive techniques being developed 
’ultra-trace’ elements can be measured with concentrations of ng/g or less. Trace 
elements are also categorised by their essentiality i.e if an element is essential, non- 
essential or toxic. A non-essential element often refers to the fact that the element’s role 
in the body has not yet been found [Hey84]. An element is defined as essential if its 
absence from the body results in the impairment of function [Mer70]. Another definition 
is that if there was a deficiency in a particular element, after supplementation the 
deficiency can be reversed. A well known example is that if a shortage of iron in the 
body anaemia occurs, added iron in the diet would reverse this condition [Und77], Some 
elements are classed as toxic, because even in low concentrations they can be harmful 
as in the rare case of mercury which has been documented to cause neurological 
disorders [Meh92]
An element can be determined if it is essential or not by looking at its distribution of 
concentration. Liebscher [Lie68] found that for an essential element the distribution was 
normal, and a non-essential element had a log-normal distribution. An essential element 
is under homeostatic condition, which means that the body maintains the required 
concentration internally by either absorbing or excreting the element. A non-essential 
element has no homeostatic control, and the concentration depends on the environment
(externally conti'olled), consequently there aie generally very low values of concentration, 
with occasional high values, to produce a log-normal disti'ibution.
An element can be essential, however at higher concentrations the element can be toxic. 
For example, it is known that iodine is essential element, with deficiencies resulting in 
goine and nerve deafness [Meh92], however higher concentrations can cause Grave’s 
disease. Similarly an element which is toxic at low concentrations maybe essential at 
even lower values [Hey84]. Previously lead, and arsenic were thought to be toxic, 
however at reduced intakes are found to be essential [Mer93]. Bowen described the 
essential and toxic properties of an element, using a dose-response curve [Bow66], and 
Figme 1.1 shows an idealised response curve. The optimum range can be quite narrow, 
and depends on the homeostatic control of the element concerned.
Well-Being
Optimum Concentration
' O
Concentration
Figure 1.1. An Idealised Dose-Response curve [Bow66].
The optimum concentration of an element does not take into account the effect other 
elements can have on each other, which further complicates the system. Elements can
have synergistic or antagonistic effects with each other, which can result in the increase 
or decrease in the concentration of the element within the body. For example, mercury 
is essentially toxic and selenium is an essential element because it is an anti-oxidant, 
which is thought to result in a reduced risk of certain cancers. In general, normal levels 
of selenium block the uptake of mercury (antagonistic), whereas deficiency of selenium 
in a biological system allows the uptake of mercury to occur to a greater extent. However 
once ingested mercury cannot be removed by additional selenium supplementation 
[WhaSl].
Measurement of the concentrations of elements within the body (organs and fluids), can 
give an indication of the well being of an individual, and also of diseases. Determinations 
of elemental levels can show if there are increases (or decreases) of a particular* element 
compared to normal baseline values. This information can also be given as an indication 
to the cause of a disease (e.g. lead poisoning in the lungs from pollutants), and a cure if 
the element is measured in deficient quantities (e.g. anaemia if iron is deficient in blood).
The primary aim of this work was to establish the elemental composition for normal 
human skin, for both the epidermis and dennis, which could then be compared to 
hypertrophic scarred skin tissue. Hypertrophic scars are particular scars which may form 
after any type of dermal injury, such as a burn or other trauma that extends into the 
reticular dermis such as heart surgery. These scars have an unsightly appearance which 
is elevated above tire normal skin level. They are also painful, pruritic (itchy), 
hypersensitive, and red. They are characterised by having excessive collagen and remain 
within the boundaries of the inital wound. At present the cause of these particular scars 
is not completely understood. While there are various methods of treatment one of the 
most effective makes use of silicone gel sheeting, which is placed on the scars and causes 
tliem to regress quicker than if no treatment was applied. However, the action of this 
particular treatment is not understood. More information about these scars and treatment 
is covered in Chapter 2.
Iyengar* [Iye78] produced a fairly complete compilation of elements which were found 
in the body. However* in the case of skin concentrations, values for* the epidermis and
dermis were not often separated. Most of the work conducted on normal skin samples 
was conducted before 1980 and more recently only since 1993 has research been carried 
out on skin samples at the Lund Institute of Technology [Pal93, Pal96]. In the work 
presented here normal and scarred skin were analysed. The results are found in Chapter 
6, and show the differences between normal and hypertrophically scarred skin, and the 
differences between epidermis and dermis. Variations in concentration across a small 
section of a sample have been studied in this work, as well as looking at the 
concentrations between two different regions from the same patient. Also correlations 
between elements, and age have also been examined.
The secondary objective of this study was to see if there was a chemical interaction 
occurring between the silicone gel sheeting and the skin and scar tissue, which was 
causing the scars to regress. It has been shown in the literature that the action of the gel 
on the scar is not due to pressure, an occlusive effect, or oxygen transmission rate, 
however a chemical interaction has not been ruled out [Qui86]. To see whether an 
interaction had taken place between the skin and gel, silicone gel sheeting samples that 
had been worn for a week by individuals suffering from hypertrophic scars (clinical gel) 
were analysed. Samples were collected every week over a three month period. Unused 
gel, and gel which had been worn by volunteers on unscarred skin (control gel) was also 
analysed to produce baseline levels with which the clinical gel could be compared. Both 
the studies were conducted in collaboration with The Restoration of Appearance and 
Function Trust (RAFT) Institute of Plastic Surgery, and the Bums Uirit, Mount Vernon 
Hospital. The results from the silicone gel sheeting study are presented in Chapter 5. The 
creams and soap that the individuals used in the control and clinical study were also 
analysed. The effectiveness of the gel on hypertrophic scars was also evaluated, and 
checked with the period of time the gel was worn.
The techniques used to analyse the samples were Proton Induced X-ray Emission (PIXE), 
Rutherford Backscattering (RBS), and Instrumental Neuti'on Activation Analysis (INAA). 
PIXE and RBS analyses were carried out at the University of Suney's Ion Beam Facility, 
and were measured simultaneously using a collimated 2MeV proton beam. The protons 
incident on the samples cause excitation and ionisation of the atoms, and when de-
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excitation occurs characteristic x-rays are emitted. These are characteristic x-rays of the 
target atoms, and their intensity is dependent on the concentration of the atoms within 
the sample. The characteristic x-ray spectra are detected using a Si(Li) detector and the 
concentrations can be calculated which forms the basis for PIXE analysis. Due to the 
Coulomb repulsion of the atoms, protons are also scattered away from the sample, at a 
backward angle, known as Rutherford Backscattering. A surface barrier detector can be 
employed to measure these giving additional information about the major composition 
of the sample.
For neutron activation analysis the samples were irradiated in the Consort II Reactor, 
Imperial College, Silwood Park. The neutrons interact with the nuclei, producing unstable 
nuclei emit gamma-rays usually following beta-decay. These characteristic gamma-rays 
can be measured using a high resolution Ge(Li) detector, for determination of the 
elemental composition of the sample. The analytical techniques employed and the 
associated equipment are described in Chapter 2 and Chapter 3, respectively.
Using RBS the bulk matrix, which in biological samples is mainly hydrogen, carbon, 
niüogen, and oxygen, can be determined except for hydrogen. PIXE was used to 
determine the minor and trace element composition and could be used to measure 
concentrations in both the epidermis and dermis. INAA allowed the full skin to be 
analysed. Thus by utilising both PIXE and INAA the number of elements detected 
increased and in addition the accuracy of each analysis technique could be compared and 
evaluated.
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Chapter 2. Skin and Hypertrophic Scar Tissue.
2.1 Human Skin Tissue.
2.1.1 Introduction.
Human skin has been often described as the largest organ in the human body, and with 
some justification. It is approximately 1.8m  ^ in size [Kem87]. Of the total area, 18% 
covers each leg, 9% each arm, 9% the head, and the remaining 37% covers the trunk of 
the body [Nob81].
Skin has the main functions of protecting the body from outside influences, such as 
mechanical shock, penetration by foreign objects, and bacteria. The other functions of 
skin are to regulate the heat of the body, to retain moisture, biochemical activities such 
as the synthesis of Vitamin D [Kem87], and less well known is its role in sociosexual 
communication [Roo92] i.e. the way it looks, smells and feels.
There are two main types of skin; glabrous skin and hairy skin. Glabrous skin is found 
on the palms and sole of the feet, and is characterised by a thick epidermis (which is 
divided into well marked layers). It is also grooved in unique configurations to each 
individual and these are called dermatoglyphics (eg fingermarks), and has a lack of hair 
follicles and sebaceous glands - which secrete sebum at the base of each hair follicle 
[Col93]. Sebum is an oily substance which makes the skin smooth, and also protects the 
skin against bacteria and rapid evaporation of water [Col93]. It also has the presence of 
encapsulated sense organs within the dermis. Hairy skin is different, in that it contains 
hair follicles, sebaceous glands but does not have any encapsulated sense organs [Roo92].
Human skin consists of two main layers: the stratified, cellulai* epidermis and the 
underlying dermis of connective tissue (Figure 2.1). Below the deimis is a fatty layer
designated as subcutaneous. Sepaiating the epidermis and dermis is the dermoepidermal 
junction. This appears as an irregular wavy line of thickness 0.5-)um, and follows the 
undulations of the boundary. At this interface, the epidennis and dermis send out conical­
shaped projections which are called rete ridges (for the epidermis), and dermal papillae 
(for the dermis) and these interlock [Pas76, Woo85]. The thickness of the epidermis 
varies from 75 to lO^um everywhere, except on the palms and soles of the feet where 
it ranges from 0.4 to 0.6mm [Gol83]. The thickness of the dermis varies from 1mm on 
the face to 4mm on the thighs [Roo92].
Hair
T3Pore of sweat gland
Nerve Endings,
Sebaceous Gland
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Blood Vessels
Figure 2.1. A Schematic Diagi*am of the Layers of the Skin (redrawn from [Vin95]).
2.1.2 Epidermis.
The epideimis is composed of 4 to 5 smaller layers called the stratum corneum or horny 
layer, stratum lucidum (this layer is only found in palmoplantar skin), stratum 
granulosum, stratum spinosum or prickle cell layer, and stratum basale or stratum 
germinativum [McKe89]. The bottom two layers, the basale and prickle cell layers, are
often known collectively as the Malipighian layer or the living epidennis [Mon74].
The major cell making up 95% of the epidermis is the keratinocyte. These cells move 
upwards from the basale layer where they are produced, to the outer horny layer where 
they are sloughed off, and this process is known as keratinization. The basale layer 
produces all the parent cells for the epidennis, and these cells divide producing a steady 
increase in the cellular population. The daughter cells are displaced outward by the steady 
yield of younger cells. In the journey, the cells flatten, lose their nuclei and stay for a 
time as horny cells in the corneum before dropping off. This process takes about 3 to 4 
weeks depending on the thickness of the epideimis [Pil80]. Therefore, the epideimis is 
constantly renewing itself, with the rate of production and dying of cells being the same, 
and will completely replace itself in about 2 months [Gol83]. The other cells found in 
the epidermis aie melanocytes which protect the skin from UV radiation, and Langerhan 
cells which at this stage have no known biological significance [Woo85].
2.1.2.1 Stratum Basale.
This is a continuous layer, and is usually one cell thick however it can be 2-3 cells in 
glabrous skin. The basal cells are small and cuboidal and are about 10-14nm in size. The 
cells have laige nuclei and dense cytoplasm containing many ribosomes (tiny particle 
containing RNA and protein) and dense tonofilament bundles. The major function of this 
layer is the division of cells.
2.1.2.2 Stratum Spinosum.
The spinosum is also called the prickle cell layer, because the kératinocytes seem to be 
connected by numerous prickles. However these are not prickles, but are areas of contact 
between adjacent cells, which are called desmosomes. These points of attachment consist 
of bundles of filaments, called tonofïlaments, which sweep out in all directions and attach 
themselves to other bundles. This matrix provides great physical stability, and is essential 
in keeping the epidermis intact.
2.1.2.3 Stratum Granulosum.
The cells in this layer continue the process of flattening (which had begun in the
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spinosum), and the nuclei start to disintegi'ate. The granulosum is about 2-3 cells thick, 
and the most distinguishing feature of this layer is that the cells contain basophilic 
granules called keratohyalin granules.
2.1.2.4 Stratum Lucidum.
This layer is only found in palmoplanter skin, i.e. friction surfaces or areas of thick 
epidermis such as the soles of the feet. It is a non-cellular layer, and the cells still have 
nuclei but have opaque membranes and dense cytoplasm.
2.1.2.5 Stratum Corneum.
The cells, known as corneocytes, in this layer have lost their nuclei and cytoplasmic 
organelles, and are flattened. The thickness of this layer varies from l^wn on the flexor 
surface of the forearm to 500 m on the soles of the feet. There are about 25 or more 
layers of dead horny cells, and it takes about 2 weeks for the cell at the innermost part 
of the corneum to be shed from the surface. The molecular brickwork of keratin (one of 
the toughest fibrous proteins) gives the epidermis its protective capacity, and the corneum 
is to skin, what bark is to trees.
2.1.3 Dermis.
The dermis accounts for 15-20% of the total body weight of the human body, and has 
the main functions of feeding the epidermis, ion exchange and protecting the body from 
mechanical injury. It has a rich blood supply, however no blood vessels go through the 
dermoepidermal junction to the epidermis. It consists of two layers: the superficial 
papillary layer of thin fibres, which is just below the epidermis, and the deep reticular 
layer, which is a network of collagen fibres. The papillary layer contains more loosely 
distributed elastic and collagen fibres than the reticular layer, and it also has more 
interfibrillar gel and connective tissue cells. [Gol83].
LThe dermis consists of a matrix of extracelli^r connective tissue, ground substance and 
fibrous proteins, however as there is connective tissue the dermis is unstable and 
undergoes change, breakdown and renewal [Mon74]. The ground substance is a semi­
fluid substance that cushions and lubricates the dermal constituents, such as the collagen
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fibres and helps nourish and support the epidermis. It consists of soluble collagen, 
enzymes, immune bodies, polysaccharides and proteins which are linked to produce 
macromolecules with a remarkable capacity for holding water [Gol83], The other cellular 
components of the dermis are fibroblasts, mast cells and histiocytes. The fibrous element 
of the dermis is made up from mainly collagen, and elastin (which is made from proline 
and glycine) - which is found in very small amounts.
COOcoo coo
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OH
Glycine Proline Hydroxyproline
Figure 2,2, Chemical Formulae for Glycine, Proline and Hydroxyproline.
2,1.4 Collagen,
Collagen makes up a third of the body’s connective tissue. 18% of bone, 50% of 
cartilage, 90% of tendons and 45% of skin are composed of collagen. Its main functions 
are to provide tensile strength and it plays an important role in wound healing. Collagen 
is used to plug any hole in blood vessels or skin by interacting with the blood clot that 
forms. The blood clot gradually retr acts but the mesh-work of collagen fibres remains to 
keep the wound sealed until a new, layer of epithelial cells has grown over the wound site 
[Pas79].
Collagen is made up from glycine, proline and hydroxyproline (Figure 2.2) and is formed 
in fibroblasts. The formation of collagen starts with the construction of a peptide chain 
called protocollagen, also known as an a-chain, which is made up from about 1000 
amino acid residues. Three such peptide chains then aggregate to form a triple helix 
called tropocollagen. Next, certain carbohydrate residues are added followed by glucose, 
with the result that cai'bohydiate groups are formed. Rod-like protein molecules are then
Aysecreted into extracellijfar space where numerous tropocollagen rods coagulate to form
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collagen fibrils. Finally they are cross-linked by covalent bonds. This is a slow and 
enduring process continuing into advanced age, and is partly responsible for the aging 
of connective tissue [Kar75].
There are five main types of collagen (and two lesser known types), which result from 
different a-chains combining together. So far* 8 distinctive a-chains have been 
characterised. Table 2.1 shows the types of collagen, where they are found, and what a- 
chains make up the collagen [Gol83]. Type I collagen is the most predominant in 
vertebrates.
Table 2.1. The Types, Structure and Distribution of Collagen.
Type of Collagen S tincture Distribution
I [CCl(I)]2«2(I) tendon, bone, dentin 
80-85% dermal collagen
II [oti(II)]3 cartilage, vitreous humor 
not present in skin
III [oti(in)]3 vascular and visceral stinctures 
15-20% dermal collagen
IV Unknown contains 
cCi(IV) and a 2(IV)
basement membranes
‘ V or ABj [ai(V)]202(V) foetal membrane, cornea, heart valve 
minor component of skin
«i(I) trimer [0Ci(I)]3 minor component of dermal collagen
ai(V) trimer or B3 [a,(V)]3 minor component of cartilage
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2,2 Wound Healing,
2.2.1 Introduction.
When a wound heals it goes through various phases before we end up with the healed 
and usually scarred tissue. The phases are the inflammatory, desti'uctive, proliferative, and 
remodelling stages. Most type of injuries from minor wounds such as a cut to a dermal 
trauma go through these stages, the differences are the time that is taken in each stage. 
Wounds are described as partial thickness and full-thickness [Roo92] and this refers to 
how deep the wound goes. A partial thickness wound leaves the dermis intact, whereas 
a full thickness wound extends through the dermis. Due to hypertrophic scars being 
formed after dermal trauma, this section will only look at the healing process after this 
type of injury [Tho90, Gol83, Woo85].
2.2.2 Inflammatory Phase.
This takes place straight after injui-y and usually lasts for three to four days. The platelets 
that are released from any damaged blood vessels flow into the wound area. On coming 
into contact with mature collagen they aggregate together. During this process, granules 
within the platelets cause agents to be liberated which bring about further platelet 
aggregation. About this time clotting starts, and causes a plug or clot to be made in the 
wound which brings about haemostasis, and this gives strength and support to the injured 
tissue. As the clot dries out a scab is formed.
2.2.3. Destructive Phase.
This stage involves the removal of debris from the wound, with ingestion of bacteria by 
neutrophils which are found in the wound two to three days after injury. Five to six days 
after injury macrophages remove any debris which is still in the wound. Both these 
processes are due to enzymatic activity.
2.2.4. Proliferative Phase.
Two to three days after injmy endothelial cells are produced on the surface of the wound. 
These start to turn down over the edge of the underlying dermis and grow across the 
wound under the dried scab. At about this time fibroblasts begin to lay down and form
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s Hands of collagen. Once this is completed, granulation tissue is produced and raises the 
base of the original cavity of the wound to the level of the surrounding tissue. 
(Granulation tissue is a complex mixture of proteins and polysaccharides, salts and other 
colloidal materials. It produces a gel-like matrix which is supported by a fibrous collagen 
network). The epithelium (cells that form the epidermis) then grows over the surface of 
the wound making a new epidermis. The last part of this stage is the wound contracting 
in size; however this can lead to many complications, such as the skin pulling taut and 
joints near the wound, not being able to move, which has to be resolved using surgery.
2.2.5. Remodelling Phase.
This last phase is where the nature of the scar is determined, and this phase can take up 
to a year to be completed. Many of the capillaries and fibroblasts foimed earlier on 
disappear', and the collagen fibres are reorganised and replaced. The collagen levels peak 
after two to three weeks after injury, but the tensile strength of the scar continues to 
increase for up to 12 months or even more. This increase in strength is due to changes 
that are taking place in the structure of the collagen molecule. The early collagen when 
it was first laid down was randomly distributed, however as the healing progresses it 
becomes more orientated in the direction of maximum stress and consequently there is 
an increase in the overall strength of the scar. Also closer alignment of the collagen 
fibres permits formation of cross-links and gives more stability to the new tissue.
Table 2.2. The Stages in the Formation of a Scar.
Stages No. of Weeks after injury Characteristics
1 0 -4 fine, soft, not strong, not contracted
2 4-12 red, hard, thick and strong tends to contract
3 12-40 white, soft, supple, tends to relax
Scars can be divided into three stages. Each stage not only refers to the time period after 
injury, but also to the characteristics that it possesses [Bai84], The stages are shown in
15
Table 2.2. It is found that a hypertrophic scar never gets worse after six months, whereas 
a keloid is found to keep getting worse for much longer than this period [Bai84], for up 
to 24 years [Doy91].
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2.3 Burns.
2.3.1 Introduction.
Most hypertrophic scars that this research examined, were formed after burn wounds, 
therefore this section briefly describes the nomenclature for bum injuries [Kem87, Zed86] 
and the causes of bums.
2.3.2 Types of Burn.
A superficial burn or first degree burn refers to a bum wound where the damage is small, 
and can result from a light case of sunburn. The effects are that the capillaries in the 
dermis become widely dilated resulting in a redness of the surface. There can be an 
associated fluid loss from the capillaries into the tissues and this results in a rise in 
interstitial tissue pressure, stimulation of the nerve endings and pain. In a more severe 
burn the fluid loss accumulates into blisters either in the dermis or at the epidermal 
junction. The overlying epideimal cells die and are replaced by cells from adjacent 
epithelium.
A partial thickness burn (or second degree burn) occurs when the upper part of the 
dermis is destroyed, in addition to the epidermis. Regeneration occurs from the deeper 
layers of the dermis and from epithelial elements in the glands and hair follicles. This 
type of burn usually takes 10-14 days to heal. A more severe injury to the dermis (deep 
dermal burn) which only leaves a few epithelial remnants in the glands and hair follicles 
may re-epitheliase slowly. This will result in poor thin skin and should be treated as a 
full thickness burn.
A full thickness bum (or third degree burn) destroys all the skin elements, and therefore 
is not painful as the nerve endings are no longer present. This burn can also burn the 
underlying muscle, bone and tendon. This burn will usually require skin grafting to heal. 
Table 2.3 summarises the characteristics of all these types of burns [Kem87, Woo85].
2.3.3 Types of Burn Injuries.
A burn is described as an wound caused by excessive heat. There are five main types of
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injuries that can cause burn wounds; wet heat, dry heat, chemical, electrical and radiation 
[War92, Dea96]. With all these types of burn injuries, the severity depends on the time 
of contact.
Wet heat describes burns caused by scalds, and hot boiling substances. A scald will give 
a superficial burn, whereas boiling water will cause a full thickness bum to be formed 
within a few seconds. Steam causes more damage than boiling water, owing to the 
steam condensing into hot water which then stays on the surface of the skin to cause 
more damage [Wai’92]. Scalds are the most common type of burn injury, especially in 
the young, because children have more household accidents involving hot water than 
adults. In 1992, a survey conduced by RAFT, showed that 65% of bums in the under 
five’s were caused by scalds [McKe94]
Table 2.3. Characteristics of Bums.
Burn Type History Appearance Blisters Sensation Result
Superficial Momentary exposure 
or sunburn
Red, bloated Absent Painful Heals 7 
days
Partial
Thickness
Scalds of limited 
duration
Red or pink Present or 
surface wet 
or waxy
Painful Heals 14 
days
Full
Thickness
Contact with high 
temps, chemical, 
electrical injury
Charred, 
brown or 
white
Absent Painless Granulates
Drv Heat burns are caused by being exposed to flames. This is the second most common 
form of burns. The most common sources of dry heat burns are from matches and 
cigarettes. Contact with hot domestic appliances such as ovens and irons is a common 
source of minor bums, where the area is small but is usually deep.
The severity of chemical burns depends on the type of chemical, the concentration and
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the contact time. It is essential that all ti’aces of the chemical ate removed, otherwise the 
area will keep on burning. The commonest deep chemical burn comes fi'om cement. If 
cement dust gets within the clothes and gets wet from moisture from the body, then the 
lime within the cement will commence burning. This is particularly unpleasant, because 
the burn will go unnoticed until the clothing is removed.
Electrical burns depend on the amount of energy which is transferred to the body. The 
severity of the bum is increased with higher voltage, moist skin and increased contact 
time. Bums caused by the domestic voltage supply usually give small deep burns at the 
entry point.
The most common form of radiation bums are caused by nature; exposure to sunlight. 
These types of burns are always superficial and painful. Burns caused by ionising 
radiation are uncommon, however they do exist and can occur after radiotherapy 
treatment.
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2.4 Hypertrophic scars.
2.4.1 Introduction.
Hypertrophic scars (HS) are particular scars that form after any type of dermal injury, 
such as a burn or other trauma that extends into the reticular dermis [Nor91], such as 
surgery [Ahn91]. It has been found that 15-30% of patients after open heart surgery will 
form HS [Spr92], These scars have an unsightly appearance (Figures 2.3 and 2.4), which 
is elevated above the normal skin level [Cai'93]. They are also painful [Doc95], pruritic 
(itchy) [Mirr94], hypersensitive [Vij94], and red [Car93]. HS are characterised by having 
excessive collagen and remain within the boundaries of the inital wound [Dat90].
However, there is a morbid version of an HS called a keloid [Lin93], which can be 
clinically differentiated from an HS, as the keloid does not remain within the boundaries 
of the wound, but extends to the sunounding tissue [Bro81]. It is not difficult to 
distinguish between HS and keloids even though it may be some months before the 
diagnosis becomes clear* [McGr94], nevertheless some trials do not distinguish between 
the two types. However both HS and keloids are caused by excessive fibroblastic 
proliferation in the wound healing stages [Coh81]. Another difference between the two, 
is that HS regress naturally but can take 30 years or more to recede, and keloids can take 
longer if at all. The main differences between keloids and HS are given in table 2.4.
Keloids were fkst described by Retz in the 18th century, and later by Alibert in 1806. 
Alibert named them ’cheloide’, meaning claw-like or cancer-like. Although, the first 
known depiction of keloids is found in the sculptures of the Yorubas of Western Nigeria, 
in the 13th century [Dat90]. These scais are unique to man, and therefore no animal 
model exists [Doy91], which causes problems because to-date no-one knows why these 
scars form or what causes them, and consequently what is the best method of treatment.
This work will only be looking at scars, which have been clinically shown to be 
hyperU'ophic i.e the scars remain within the wound boundaries.
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Figure 2.3.
A Hypertrophie Scar on the 
Arm and Chest.
Figure 2.4.
A Hypertrophie Scar on the 
Neck.
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Table 2.4. The Differences Between Hypertrophic Scai's and Keloids.
Hypertrophic Scais Keloids
stays within the wound boundary extends out of the boundary
develop soon after surgery may not develop for many months 
(delayed)
usually subside with time rarely subside with time
size proportional to injury minor injury may produce large lesion
improves with appropriate surgery often worsened by surgery
Appearance: red, 
wide and elevated
Appeaiance: brownish red to white 
flat, broad based
soft and doughier to rubbery hard
2.4.2 Aetiological.
Hypertrophic scars usually form six months after deimal injury, however no-one knows 
why certain people are more prone to HS than other people. There are varying factors 
which can be taken into account such as age, sex, race, location and tension. In general 
though most HS form after burn injuries, and a survey carried out at The RAFT Institute 
of Plastic Siu’gery found that in 1992, 23% of superficial burns, 50% of deep dermal and 
40% of full thickness became hypertrophic [McKe94].
2.4.2.1 Age.
It has been found that children have a greater tendency for HS than any other age group 
[Kav94], with a paiticularly high incidence rate in burn-injured children under the age 
of five [Car94]. Peacock found in 1970 that there was a complete absence of HS and 
keloids in the elderly and thought it was related to the tension of the skin, but Datubo- 
Brown [Dat90], found that keloids were uncommon at the ’extremes of life’. Ketchum 
[Ket74], found that 88% of patients who had HS or keloids were below the age of 30 
years. He thought it could be due to the following reasons that this age group:
i) was more likely to have dermal injury
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ii) has greater skin tension
iii) and the rate of collagen synthesis is greater in younger individuals. A survey 
conducted by RAFT [McKe94] found that of all scald bums 65%, 7% of flame burns, 
and 0.5% of chemical bums were found in the under five’s.
2.4.2.2 Location.
Any part of the body can be susceptible to HS formation, however ceratin areas are more 
likely to bear HS than others. The eyelids, genitalia, soles of the feet, palms of the hand 
rarely have HS [Ket74]. There is a high incidence of HS on the chest, back, shoulders 
and buttocks [Dei82]. Ketchum [Ket74] believed it was due to skin thickness, as the areas 
where HS occurs has a greater skin thickness than areas where HS is rare. However the 
dorsal forearm is more prone to HS formation than the volar forearm, but the dorsal arm 
has thinner skin than the volar arm [Vij94], Therefore HS formation can not be due to 
skin thickness alone.
2.4.2.3 Tension.
It has been found that in regions of increased skin tension HS formation is likely to occur 
[Dei82]. Tiitto showed that patients that develop normal scar s in an area without tension 
after surgery can develop HS in areas of skin tension after similar surgery. However, HS 
can fomi where the scar crosses a joint, or at 90° to skin creases [Tri91], and Brody 
[Bro81] suggested that HS were related to forces opposite to tension i.e compression and 
buckling. Rockwell [Roc89] found that fibroblasts under tension produce more collagen 
whose secreted fibrils are orientated in the direction of that tension, and HS are 
characterised by overabundant collagen.
2.4.2.4 Sex.
Both sexes are equally likely to be affected by HS or keloid [Ban95], however some 
researchers found that females predominate [Doy91]. This could be due to the female 
being more conscious of her appearance, and therefore more ready to have treatment, or 
that more females get their ears pierced than men which can lead to abnormal scarring 
[Coh81]. However these reports do not often distinguish between HS and keloids, and 
in practise HS formation due to ear-piercing is no more predominant than any other type
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of deimal ti'auma.
2.4.2.5 Race.
Negroes are more likely to have HS and keloids than Caucasians, with Orientals in 
between. It was found that HS formation was five times more common in people of 
Japanese descent and three times in those of Chinese descent than among whites 
[Nem93], Doyle-Lloyd found that this ratio varied between 2 to 19 for Negroes to 
Caucasians. Therefore the darker races are the most affected [Ban95]. Nemeth [Nem93] 
also stated that keloids have never been reported in albinos. This suggests that HS and 
keloid formation is linked to an aberration of the melanocyte stimulation hormone (MSH) 
metabolism [Ket74] due to:
i) high incidence of HS in negroes whose melanocytes are apparently more 
reactive to MSH.
ii) main sites of HS are areas where the concentration of melanocytes are greatest. 
In skin there are on average 1500 melanocytes per mm ,^ but the figure vaiies depending 
on the anatomical site. Differences in skin colour are due to differences in the packaging, 
distribution and degradation of the melanosomes [Woo85]
Another suggestion is that HS are linked to lanugo hair which is more common in the 
dark skinned races [Qui86]. Lanugo hair is the soft hair which is found on the body of 
an adult (except the palms of the hands, soles of the feet, and where hair grows long). 
Again these reports do not always differentiate between keloids and HS, although it is 
found that Negi'oes ai*e more likely to suffer fiom HS than Caucasians, and usually have 
more keloids than HS, however race is a better predictor of HS formation than age 
[Dei82].
2.4.3 Treatment.
At the moment there is no treatment to prevent HS from forming, however there are set 
methods for treating the scar. Each HS is treated individually and the treatment will 
depend on the size, location and the individual patient. There are five well defined 
methods of treatment at the moment, and these are surgical excision, radiation exposure, 
steroid injection, pressure therapy and the application of silicone gel sheeting (SGS).
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There are other types of treatment such as combined therapy (radiotherapy and steroids), 
laser therapy and other novel methods. For example zinc tape has been applied to the 
scar [Sôd82], as well as topical vitamin E [Van94]. However since no-one knows why 
HS formation occurs, it is not known why one particular treatment works better on one 
patient than another.
2.4.3.1 Surgical Excision.
This was one of the earliest methods used for the tieatment of HS and keloids [Law91], 
however there is a 55% chance of the scar returning after surgery [Roc89]. Dockery 
[Doc95] found that there was a low reoccurrence rate if there was no tension after the 
wound was closed. He also found that almost 100% of keloids can be expected to reoccur 
within 4 years. Nowadays HS are excised more than keloids, and that surgery is only 
good for small scars as long as there is not excessive tension [Roc89]. Surgical excision 
is now sometimes used in combination with either radiotherapy or corticosteroids and is 
termed as ’combination therapy’, and is found to be much better than surgery alone 
[TrI91].
2.4.3.2 Radiotherapy.
Radiation exposure has been used with reasonable success. The theory is that the ionising 
radiation causes the fibroblasts (which develop into collagen) to be destroyed [Roc89]. 
By destroying enough cells then maybe a balance between collagen synthesis and 
degradation is obtained, which causes the overall collagen content to decrease.
This tieatment is often used in conjunction with excision, with the radiotherapy starting 
immediately after surgery. Rockwell [Roc89] found that 80% of keloids treated with this 
combination did not retimi after a year, however this was a short follow-up period. Levy 
[Lev?6] found that 88% of the scars did not return and he had a follow-up period of 2 
years. Nevertheless, the problem with these studies aie that the recurrence of HS often 
does not occur until one to three years after treatment, and this is usually after the study 
has finished. Also this treatment should be used with caution as the side-effects are 
induction of malignancy and radionecrosis.
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2.4.3.3 Steroid Injections.
This involves injections of local anaesthetic agents and steroid solutions every few weeks, 
and this seems to inhibit the growth of the scai's, and cause them to flatten PDoc95]. 
Steroid treatment is frequently used in association with either surgery or pressure therapy.
Lawerence [Law91] believed that tlie steroids decrease the levels of a-globulins, which 
inhibit collagenase. Consequently this causes an increase in collagenase and a decrease 
in collagen. Rockwell [Roc89] stated that steroids caused dermal thinning and that 
triamcinolone was used mainly. He also declared that corticosteroids increase collagen 
degradation by removing collagenase, whereas glucocorticoids decrease the proline 
hydroxylase activity, and consequently decrease the production of collagen. However 
there are side effects when using steroids and these include pain, atrophy of the skin, 
hypopigmentation, necrosis, and ulceration.
2.4.3.4 Pressure Therapy.
This is the oldest treatment used for HS, and was first used in 1835 by Rayer. He 
observed that the tumours of a vascular nature were soft and compressible and improved 
after pressure was applied. Consequently he tried this treatments on a patient’s HS and 
a reduction in size of the scar was noted [Lin93]. In 1881 Unna used these findings and 
applied pressure to burn scars [Haq90]. Pressure treatment has been used for centuries 
but was only adopted by burn centres in the 1970s [Lin93], and this treatment has not 
changed much over the last 20 years [Car92].
Pressure therapy involves the wearing of a pressure garment that is made to an 
individuals size and specifications. The garments are made from elasticised fabric which 
applies pressure to the HS, and the patient usually has to wear this type of garment for 
1-2 years, with near 24 hours wear. It has been found that HS older than 6-12 months 
do not respond, or respond very poorly to this type of treatment [Ahn89].
The pressure is believed to cause a realignment of the collagen bundles, and therefore 
collagen synthesis is conti’olled by producing a related ischaemia (deficiency to the blood 
supply) in the scar [War91]. Another theory is that the pressure causes decreased blood
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flow, consequently there is less cx^-macroglobulin, which inhibits collagenase. The 
reduction in ot^-macroglobulin means that there is an overall increase in collagenase in 
the system, and therefore an increase in the rate of collagen destruction [Law91]. Brent 
[Bre78] suggested that the pressure may create a hypoxic state, which contributes to 
fibroblast degiadation and therefore collagen degradation.
The pressure should be at 22-26mmHg [Süd82, Tri91, Doy91]. However in practise this 
is not the case and it can range from 2-200mmHg, which can lead to bruising. On a 
painful scar this is not desirable, and on certain sites it is not possible to obtain this ideal 
pressure. Also the garments are unsightly and individuals especially teenagers are not 
happy about wearing them.
2.4.3 5 Silicone Gel Sheeting.
Due to pressure garments not always providing a uniform pressure over the HS, the idea 
of a pressure insert was considered, which would enable the pressure to be constant over 
all the scarred area. Silicone gel sheeting (SGS) was used as a pressure insert and was 
found to cause significant improvement in the HS, even without a pressure garment - its 
application was also virtually pain-free [Per82]. The SGS is not entirely pain-free as the 
treatment will be applied to painful scars, and any pressure or touch on the scar will 
cause some discomfort. Leveridge [Lev90] found that the SGS was much better for 
treating scaiTed hands, as the gel could be placed on the specific scarred area, without 
restricting the rest of the hand like a pressure glove.
SGS is a chemically inert transparent flexible gel sheet, which has a layer of foam in the 
centre for strength and durability [Spe94]. It is placed directly on the HS and is worn for 
8-12 hours a day, and improvement shows after about 3 months. SGS has also been 
found to improve mature scars [Car92]. Since 1982 many trials have been carried out and 
they all show that the scar improves with SGS treatment, but there is no explanation as 
to how it works. Table 2.5 gives a brief summary of the clinical trials that have taken 
place to-date using SGS. SGS has been shown to soften the scat, remove pruritus 
(irritation of the skin), and blanch the colour of the scar.
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Other trials have taken place that compare the SGS treatment to other modalities such as 
Kenalog injections [Spr92], Cica-Care sheets manufactured by Dow Corning [Car94], and 
silicone gel sheeting with added vitamin E [Pal95]. The Kenalog injections were found 
to be inferior to SGS, and the injections were also more painful and expensive than the 
SGS. The Cica-Care sheets are a new type of SGS which has better adhesive properties 
and is also more flexible, and both types of sheet were found to be effective in the 
treatment of HS. The SGS with added vitamin E was found to be better than SGS alone, 
however Van Den Helder [Van94] found that topical vitamin E rubbed on HS gave 
disappointing results.
Quinn [Qui86] looked into the action of the SGS on skin and showed that it did not 
apply pressure to the skin. She also showed that the water vapour transmission rate was 
4.5±lgm'%'\ which is apparently half that of normal skin (8.5±0.5gm'^h‘^ ). The oxygen 
transmission rate was found not to be affected by the SGS, and that the temperature 
between the skin and the gel, dropped by 10°C when the gel was applied, but returned 
to normal after 10 minutes. Sawada [Saw92] believed that the gel had a hydrating and 
occlusive nature (i.e. that the SGS blocks the pores of the skin), however Quinn showed 
that the SGS did not have an occlusive effect. She covered SGS with polyurethane film 
(occlusive) and compared with uncovered SGS, and found that the occluded gel did not 
have the same therapeutic action as the uncovered SGS.
The reasons why SGS works are unknown, but the general theories are that either the gel 
has a hydrating effect, or that it has a chemical effect. The gel has a water vapour 
transmission rate half that of normal skin, however when the gel is removed from the 
patient there is not an obvious build-up of fluid under the gel, and it is believed that there 
is a water reservoir within the skin which is likely to be in the stratum corneum. A 
chemical reaction between the SGS and the scar has not been ruled out, because when 
SGS is left on filter paper an outline is left behind, but histologic analysis of biopsied 
scar tissue does not support that there is a release of silicone fluid from the gel [Kat92].
The procedure for wearing the gel is found in Appendix A.
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2.4.3.6 Other Treatments.
Other treatments to-date that have been used are either novel or a combination of the 
modalities already described. The following is a list of some combinations that are used:
i) Cryotherapy and intralesional injection and pressure therapy - this involves 
freezing the scar, applying the injection whilst the scar* is thawing, then compression 
bandages are applied [Doc95].
ii) Surgical excision followed by either radiotherapy or steroid injections.
iii) Steroid injections followed by pressure therapy.
An argon laser has been used on keloids and the results were good, but delayed due to 
the area healing after treatment, however there is not enough data to support routine use, 
and the therapy is very costly [Roc89]. (Laser surgery causes blood vessels and nerve 
endings to be sealed, but it can cause necrosis of the surrounding area). A carbon dioxide 
laser has also ben used but the results were varying and the treatment did not seem to be 
beneficial [Tri91].
Sôderberg [Sôd82] used zinc tape on HS and keloids, but he did not differentiate between 
the two. The scai’s were covered in zinc tape, and the scars did improve but this could 
have been due to natural regression. Van den Helder [Van94] tried topical vitamin E but 
he found that it was not effective in reducing the scars.
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2.5 Trace Elements In Skin Tissue.
Most of the work conducted on the trace elemental composition of skin was conducted 
before the late seventies. Table 2.6 shows some of the work that has taken place before 
1978 [lye?8]. Recently, since 1993, a group using the microprobe at the Lund Institute 
of Technology have been conducting research on normal and psoriatic skin [Pal93, For95, 
Pal96]. By ciyosectioning the skin they have been able to measure the elements at 
different depths in the skin, using PIXE analysis. Also one paper was found on the trace 
elements in HS and keloids, which used AAS [Ban95]. All this work is summarised in 
the table 2.7.
Table 2.6. Elements Detected in Skin by Various Methods Before 1978.
Author Reference, Year Method Type 
of skin
Elements
Detected
Barry PSI, 
Mossman DB
Br J Ind Med 39(1), 
1970
SAS 1 f Pb
Cornells R, 
Hoste J
J Radroanal Chem 13, 
1973
NAA 1 d I
Dickson RC, 
Tomlinson HM
Clin Chim Acta 16, 
1967
NAA 1 f Se
Feurstein H, 
Oschinski J
Z Naturforsch 29 c 
1974
NAA 1,4 d Ag, As, Au, Cr, 
Mo, W, Zn
Forrssen A Annales Medicinae 
Experimentali et 
Biologie 50, 1972
XRF 1 a Br, Ca, K
Hursch SB, 
Lovaas A
Nature 198, 1963 RAD 2 Ra
ICRP-23 1975 SAS f Cl, S
Liebscher K , 
Smith H
Arch Environ Health 
17, 1968
NAA 1 d As, Hg, Sb, Zn
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Table 2.6. (Cont) Elements Detected in Skin by Various Methods Before 1978.
Author Reference ,Year Method Type 
of skin
Elements
Detected
Lipkin G, Gowdey 
J, Wheadey VR
J Invest Dermatol 42, 
1964
SAS 1 d Cu
Minski M, 
Cleary JJ
Health Phys 12, 
1966
GRAV 1 f S
Moav B Int J Appl Radia 
Isotopes 16, 1965
NAA 2 d As
Morsches B, 
TdlgG
Z Anal Chem 250, 
1970
SAS 1 f As, Be, Cd, Co, 
Mn, Mo, Ni, Sb, 
Tl, V, Zn
Mottet NK, 
Brody RL
Arch Environ Health 
29, 1974
AAS 1 f Hg
Nadkarni RA, 
Ehmann WD
Trace Substances in 
Environmental 
Health, 1970
NAA 1,2 d Ag, Au, Br, Sc
Schropl F, 
Oehlschlagel G
Arch Lin Exp 
Dermatol 231, 1968
NAA 1 f Ag, As, Zn
Soman SD, Joseph 
KT, Raut SJ, 
Mulay GD, et al
Health Phys 19, 
1970
AAS 1 f Ca, Cu, Fe, K, 
Li, Mn, Na, P, 
Rb, Te, Zn
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Table 2.6. (Cont) Elements Detected in Skin by Various Methods Before 1978.
Author Reference ,Year Method Type 
of skin
Elements
Detected
Tipton IH, 
Cook MJ
Health Phys 9, 
1963
AES 1 a Ag, Al, Au, B, 
Ba, Bi, Ca, Cd, 
Co, Cr, Cu, Fe, 
K, Mg, Mn, 
Mo, Ni, P, Pb, 
Sn, Sr, Ti, V, 
Zn
Trashlieva MS, 
Leontiev VG
Vestnik Deraiatologii 
i Vernerologii, 1974
AES 1 d K, Na
Van Kooten WJ, 
Mali JHH, De 
Goeij JIM, 
Houtman JPW
Nuclear* Activation 
Techniques in Life 
Sciences, IAEA, 
Vienna, 1967
NAA 1 d Cr
Voors AW, 
Shuman MS, 
Gallagher PN
Trace Substances in 
Environmental 
Health, Columbia, 
1972
AAS 1 a Cd, Cu, Fe, Pb, 
Zn
Weinig E, 
ZinkP
Arch Tox 22, 
1967
MS 1 f Tl
a = ash
AES = Arc Emission Spectiometiy 2= epidermis d =dry
GRAV = Gravimetry 3 =dermis f = fresh
MS = Mass Spectrometry 4 =air dried
NAA = Neutron Activation
SAS = Solution Absorption Spectrometry
XRF = X-ray Fluorescence Spectrometry RAD = Radioactive Counting
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From Table 2.7, it can be seen that the concentrations of various elements changes at 
different thicknesses or layers in the skin. This is not surprising because the dermis is 
closer to the blood supply, and the epidermis is subjected to the natural environment. 
Also it can be seen from Table 2.7 that there are differences in the concentrations of a 
particular* element, at the same thickness, even though the research was carried out by the 
same research group. This is due to the data all being presented in graphs, and therefore 
difficult to read, and also that the layers (or thicknesses of the skin) were represented in 
various ways.
The analysis of hypertrophic skin tissue compared to normal tissue (that surrounded the 
scar) [Ban95], showed that there was a significant decrease in Mn, a slight decrease in 
Zn, and a slight increase in both Cu and Se.
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Table 2.7. The Elemental Composition of Skin Tissue, Research Done Since 1993.
Elements Whole
Epidermis
[Ban95]
Stratum
Corneum
0-2()iin
Stratum
Granulosum
2 0 - 3 ^
Stratum
Spinosum
35-10()wn
Stratum Basale 
100-12gwm
Dermis
120^m
Na (mg/g) - =6.5-8.2™ ' =8.2-12.5'^“’^ ®' =12.5"’°'®®' n.d"’°'®®'
P (mg/g) n.di™93]
=0.5-3^^“^ ''^
~7 Q[Pal96]
* 1 .0 ™ '
3^_13(Forf5'
=7.0-10™ '
«1.0-1 .2™ ' 
=13-16.5™ ' 
=10-11'™'
=1.2-0.9"^ '®®' 
=16.5-5.5'™'
_Q g[Ril93]
=5.5'™ '
S (mg/g) =0.7-1.3'’^ *”  ^
«4.0-3.5^ °^^ ®'> 
=5.0-8.0‘'’“'®">
=1.3-1.65™ ' 
=3.5-3.0"""'^ "' 
=8.0-9.0'^‘'""
=1.65-1.5'™' 
=3.0-2.0'™' 
=9.0-11'™'
j^_g[Pal93]
=2.0-3.5'™ '
=1.5'™ '
=3.5'™ '
Cl (mg/g) =1.15-2.0[P"'^ )^ 
-1.9-3.5'^°’^ ’^ 
=3.0-6.0'^ "'^ ]^
=2.0-2.5f' '^® '^
=3.5-13™ '
=6.0'"^ "®'
=2.5-4.8"’"^ ®'
=13-9.5'™ '
«6.0-8.0"’"'®®'
=4.8-5.4'™' 
=9.5-11'™ '
=5.4'™ '
_2pror951
K (mg/g) =0.8-1.5™ ' 
=0.5-3.5™ ' 
=4.0-7.0'^‘®^‘
=1.5-1.9'™' 
«3.5-7.S'™ ' 
=7.0-8.0'™'
=1.9-2.5'™' 
=7.5-13.5'™' 
«8.0-8.5'™ '
=2.5"’°'®®'
=13.5-10.5'™ '
=2.5'™ '
=10.5''’°'®®'
Ca (mg/g) =1.9-4.3™ ' 
=1.2-0.6™ ' 
=0.45-0.3' '^®®'
=4.3-5.2'™'
=0.6-0.4'‘^“'®^'
=0.3-0.25" '^®®'
=5.2-3.8'™'
=0.4-0.17'™'
=0.3-0.45"’°'®®'
«3.8-2.4'™ ' 
=0.17-0,26'™'
«2.4"^ '®®'
=0.26"’°'®®'
Fe ^ /g ) 1^4[I^ 193I
=20'^ °*^ '^
_50i*^ 'S6]
«14lPal931
=20-50"'°'^ '^
=50-10'™'
=14-16'™'
=50-220"’°'®®'
=10-375'™'
=16-14'™ '
=220-20"’°'®®'
«14lPal93)
«20"’°'®®'
Zn ^ /g ) 12.610.8 
10.8t2.3*
n.dtPai93'
«60'^ '°'’ '^
n.d"'"'»"'
n.d'™'
«60"’°''’®'
=220'*’“'®®'
«18'™ '
=60-80"’°'®®'
=220-325"’°'®®'
n .d ™ '
=80-10'™ '
n.d''’^ '®®'
~]^ Q[Po«95]
Cu (Mg/g) 0.76:0.04
0.99i0.32*
n.d'™' n.d'™' _g[Pal93] n.d"^ '®®' n.d"^ '®®'
Mn jjtg/g) 0.541t0.103
0.06410.024* ■
Se (jjglg) 0.717i0.084
0.839:0.211*
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Chapter 3. Analytical Techniques.
3.1 Proton Induced X-Rav Emission (PIXE) Analysis.
3.1.1 Introduction.
Pi*oton induced x-ray emission (PIXE) is a technique that is employed to determine the 
concenüations of tiace elements in a specimen. When an energetic proton interacts with 
orbital elections in an atom, and its energy is larger than the K-electi'on’s binding energy, 
then the electron gains energy from the collision and is ejected from its shell. The atom 
de-excites after about 10’‘^ s by the rearrangement of the elecü'ons, and the energy is 
emitted in the form of a characteristic x-ray (which is known as fluorescence) (Figure 
3.1) or an Auger electron. The x-rays are characteristic of the elements within the 
specimen, and the intensity of the x-rays detected is directly proportional to the 
concentration of tliese elements. Detection of these x-rays therefore allows the elemental 
sample composition to be determined qualitatively as well as quantitatively.
X-ray
electron
proton
Figure 3.1. Schematic of Proton Induced X-Ray Emission.
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The first ion-induced x-ray emission was noted by Chadwick in 1912 [Chal2], after 
bombarding a sample with alpha paiticles. Birks, 1964 [Bir64], using a xenon 
proportional counter for x-ray detection, found that protons had less associated 
bremsstrahlung than electi'ons, due to the smaller deceleration. Bilks concluded that for 
improved spectrochemical analysis that if a low-cost proton source were available, the 
low background produced by protons would make it a preferred technique when 
compared to the poorer sensitivity of electron excitation. With nuclear accelerators 
becoming more available, as nuclear researchers favoured energy cyclotrons and tandem 
accelerators, the low-cost proton source was found. About this time the Si(Li) detector 
with its excellent high energy resolution (of the order of lOOeVs) was also developed. 
More than one x-ray energy could be detected and resolved at the same time, therefore 
counting times were reduced. In 1970, Johansson [JohVO] wrote the article that described 
bombarding contaminated carbon foils with a proton beam, from a Van de Graaff 
accelerator, and measuring the x-rays that were emitted using a Si(Li) detector. Since that 
initial article, PIXE has become an established tool for the elemental analysis of samples, 
and has now found applications in the fields of biology, medicine, environmental 
analysis, aichaeology, and material science, with detection limits being in the order of 
parts per million (ppm) [Fol74, Hol97].
The advantages of PIXE over other techniques is that many elements can be detected in 
one run, and therefore there is no need for the sample to be chemically separated, which 
is the case for many other techniques and therefore PIXE reduces the risk of elemental 
contamination in the preparation stage. Only small samples are needed and this is ideal 
for biomedical applications where the sample is generally small and often collected by 
biopsy. The proton beam can be focused down to a small spot and can scan the sample 
to produce elemental maps which show how the concentration of an element is 
distiibuted over the surface of the sample. The beam can scan an area ranging from 
several millimeties squared down to sizes smaller than individual cells. In using PIXE 
the sample is not destroyed (by ashing or being dissolved in a solution) which allows the 
sample to be reanalysed and rare or valuable samples can be examined without fear of 
destruction. With PIXE there is less background underlying the characteristic x-rays due 
to less brerasstralung produced by protons than electrons as already mentioned, resulting
47
in improved detection limits over a wide range of elements. As a number of elements can 
be detected simultaneously in one run the technique is fast. In summary PIXE is a multi- 
elemental analytical technique, has a high sensitivity measurin^g/g, and is rapid and 
non-destructive.
3.1.2 X-Rav Production.
When a proton beam is fired from an accelerator and impinges on a target, an inelastic 
collision occurs between the proton and the target atom, which causes an inner electron 
to be released. The atom then de-excites after 10'^  ^ seconds by either emitting a 
characteristic x-ray (known as fluorescence) or an Auger electron and in some cases both 
an Auger electron and an x-ray are emitted.
'
L,-Series
Vrv
III
III
VII
VI
Vrv
III
II
I
V
IV
III
II
I
III
II 
I
O-Shell
N-Shcll
A
K-Series
M-Shell
L-Shel!
K -Shell
Figure 3.2. The Main X-Ray Transitions and Nomenclature
In the case of fluorescence the inner electron is ejected and then an electron from an 
outer shell falls into its place, and the energy difference between the two states is emitted 
in the form of a characteristic x-ray. If the electron is ejected from the K-shell then the 
x-rays produced are K x-rays, and from the L-shell L x-rays and so on. If the electron 
(that takes the place of the emitted electron) then drops from the L shell to the K shell
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then it is an Kg, x-ray, and from the M shell to the K shell it is a Kpi and so on. Figure
3.2 gives the main transitions for the K x-rays and the Lj series. The text by Stoim and 
Israel [Sto70], gives the relative intensities and x-ray energies for all possible x-rays. It 
is important to know the relative intensities in order that x-rays from element Z, can 
be separated from Kp x-rays from the element Z-1, as often these x-rays will overlap and 
this can be seen in Figures 3.3a and 3.3b, which show a typical x-ray spectrum for the 
reference material Bowen’s Kale [Mur85]. Figure 3.3b shows more detail of the higher 
atomic number characteristic x-rays detected and the sum peaks. The notation 2 x Ca 
in Figure 3.3b, refers to two Ca Kg, x-rays impinging on the detector and being measured 
at the same moment.
Instead of an x-ray being emitted, an electron from an outer shell can be released as an 
Auger election. This has an energy of the difference between the two shells minus the 
binding energy of the Auger electron. Apart from Auger electron emission and 
fluorescence, Coster-Kronig transitions can also occur. This is where an electron is 
transferred between subshells and no radiation is emitted - this does not happen for the 
K-shell as tliere are no subshells.
3.1.3 Fluorescence Yield.
The fluorescence yield is defined as the ratio of vacancies filled that give rise to x-ray 
emission to the number of vacancies created. Bambynek [Bam72] provided a formula to 
calculate the fluorescence yield for the K-shell, and this was revised by Johansson 
[Joh88] to give:
(3.1)
where Z - atomic number
cOk “ fluorescence yield for the K-shell, and the value of the coefficients B, are 
given in table 3.1.
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Figure 3.3a. PIXE Specti’um of Bowen’s Kale.
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Figure 3.3b. PIXE Spectium of Bowen’s Kale - in more detail. Obtained Using a
2MeV proton beam, of 3nA current scanned over the surface area.
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Table 3.1. Coefficients for Evaluating the K- and L-Shell Fluorescence Yields
[Joh88].
Coefficients K-Shell L-Shell
Bo (3.70i0.52)xl0 0.17765
B, (3.112*0.044)xl0-^ 2.98937x10’
B, (5.44t0.11)xl0 8.91297x10-’
Bo -(1.25i0.07)xl0 -2.67184x10-’
The fluorescence yields for the L-shell are more difficult to calculate as the Coster- 
Ki'onig transitions have to be taken into consideration. This leads to the effective yield 
of the L-shell being:
(3.2)
where X(Lj) refers to the x-ray yield for the L; subshell
Uj ate the initial vacancy distributions for the Lj subshell.
However this is not strongly dependent upon the initial L-subshell vacancy population, 
and Cohen [Coh87], generated a set of values that can be used for PIXE calculations. 
These values are fitted well by the following formula for Z=30 to 96:
(3.3)
The Bj coefficients for the L-shell are given in table 3.1 [Joh88]. Using the equations 3.1 
and 3.2 the fluorescence yields were calculated and plotted, and are shown in Figure 3.4.
3.1.4 Cross-Sections.
The ionisation cross-section is the probability that an inner shell ionisation will occur 
leaving a vacancy. When a proton interacts with an atom the main interaction is due to
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the Coulombic fields of each. Models have been set up to describe this interaction and 
the three most used aie:
i) Plane Wave Born Approximation (PWBA)
ii) Binai'y Encounter Approximation (BEA)
iii) Semi-Classical Approximation (SCA).
Johansson [Joh76] utilised the BEA model and took advantage of its scaling law which 
gave the cross-section for any projectile in terms of a proton of the same velocity. Hence 
Johansson expressed the fundamental relationship of the BEA in a parameterized form:
(3.4)
where Gj - cross-section for ionising the ith shell and i only refers to the K- or L-shell 
Uj - K- or L-shell ionization energy 
Ep- proton energy
X - ratio of the proton and electron masses (=1836.514)
0.8
3
p   ^ 0.6
8c8« 0.4
O
U_
K-Shell
L-Shell0.2
0.00.0 20.0 40.0 60.0 100.080.0 120.0
Atomic Number (Z)
Figure 3.4. The Fluorescence Yields for the K- and L-Shell.
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The values for were found by fitting a 5th-order polynomial to the experimental data |
available for proton ionisation, at that time. The values for the coefficients are given in i
table 3.2. i
This expression holds well for low atomic numbered elements, but deviations occur with 
heavier elements, and PIXE requires that the cross-section be calculated more accurately. 
This lead to the development of the PWBA model resulting in the ECPSSR treatment of 
K- and L-shell cross-sections. This treatment conected for the inherent approximations 
of the PWBA model and involved the correction for energy loss (E) during the collision, 
deflection and velocity change of the projectile due to the nuclear Coulomb field (C), 
perturbation of the atomic stationary states (PSS) by the projectile and relativistic effects 
(R) [Joh88]. Cross-sections calculated for K, L„ L^, Lm and Liotal using the ECPSSR 
deatment for protons and helium ions can be found in an extensive publication by Cohen 
and Hanigan [Coh85]. Figure 3.5 plots the ionisation cross-section against the atomic 
number for both the K-shell and Ltotal> where Ljotal is a summation of all the L- 
subshells. It can be seen that there is a sharp drop in g with increasing atomic number, 
and it has been shown that with increasing Ep the G  increases.
In PIXE the cross-section that may seem more important is the probability of an x-ray 
being produced instead of the probability of the shell being ionised. However this is 
related to the ionisation cross-section and fluorescence yield. For the K-shell this is given 
by:
(3.5)
where g  ^ and Gj are the x-ray production and ionization cross-sections respectfully, 
cOk - fluorescence yield, 
k - transition probability.
For the L-shells there is a similar relationship, but this is more complicated due to the 
multiplicity of the subshells
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Table 3.2. Coefficients for Calculation of Or and Ol using Equation 3.4 [Joh76].
Coefficients K-Shell L-Shell
t>0 2.0471 3.6082
bi -0.65906x10" 0.37123
2^ -0.47448 -0.36971
3^ 0.9919x10-' -0.78593x10'^
b4 0.46063x10-' 0.25063x10'"
t>5 0.60853x10'" 0.12613x10"
</)iJH
Q COIoc OCS .W c o
10
.610
,410
TOTAL
,210
n
■20
40 0.0 20.0 40.0 60.0 80.0 100.0
Atomic Number (Z)
Figure 3.5. The Ionisation Cross Section for the K-Shell and Lxotal- ' 
Values Predicted by the ECPSRR Model [Coh85], for 2MeV Protons.
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3.1.5 Stopping Powers.
When a proton interacts with the target matrix, the energy of the proton is dissipated 
through the sample by a series of inelastic encounters with the target atomic electrons, 
and the proton’s direction of travel is hardly altered. Most of the interactions between the 
proton and bound electrons are due to electrostatic attraction, which enables the energy 
loss (dE) per distance travelled (dx) to be determined, and this is the linear stopping 
power, dE/dx. The mass stopping power S(E) is used in PIXE work and is defined as:
S ( E ) = - ^  (3.6)p dx
where p - density.
3.1.6 Mass Attenuation Coefficients.
The photon not only loses energy when interacting with the sample, but it is also 
attenuated. The total mass attenuation for a sample can be calculated by the Mixture 
Rule:
n
i=l
where - mass attenuation of the element i
COj - relative proportion by weight of element i in the sample.
3.1.7 Background Contributions and Bremsstrahlung.
In PIXE the spectra that are obtained usually consist of x-ray peaks superimposed on a 
background continuum, caused by electromagnetic radiation (see Figure 3.3b). This 
background is due to primary and secondary bremsstrahlung, charge build-up from poorly 
conducting samples, environmental radiation, and Compton scattered y-rays from nuclear 
reactions. The magnitude of this background sets a limit on the sensitivity of detecting 
peaks, as they have to be differentiated from the continuum. Therefore, it is vital that this 
background is reduced as much as possible.
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3.1.7.1 Primary Bremsstrahlung.
This is also called projectile bremsstrahlung, due to the fact that the background is caused 
by the deceleration of the proton (projectile) resulting from the proton passing through 
the Coulombic field of the nuclei matrix atoms. The bremsstrahlung photons that are 
emitted have energies which range from zero to the maximum projectile energy, and the 
intensity is proportional to (F/M)", where F is the electrostatic force on a projectile of 
mass, M. It is evident that for an electron the background will be much larger compared 
to that for a proton (around 1836" times), as the electrostatic force on both the electron 
and proton is the same. The cross-section for the production of primary bremsstrahlung 
is given by:
d o  I _ Z„i I (3.8)
where Ap, - atomic mass for the projectile (proton), and target atom
Zp, - atomic number for the projectile (proton), and target atom
Ep - initial energy of the projectile (proton)
Ex - radiated photon energy, 
and c is a slowly varying factor that depends upon Zp, Z^, and Ep. For targets of low 
atomic number, such as biological materials, Z,/A^ is approximately equal to 0.5 (except 
for hydrogen), and it is ideal to choose a projectile where Z,/Ap takes a similar value to 
Zjjj/Ajjj i.e so that the background contribution from primary bremsstrahlung
approaches zero. Primary bremsstrahlung has minor experimental importance in PDŒ, 
as other background sources predominate over this effect [Joh88].
3.1.7.2 Secondary Bremsstrahlung.
This radiation originates from electr ons which are produced in the ionisation of the atom. 
These secondary electrons slow down, and produce bremsstr ahlung and this predominates 
over primary bremsstrahlung. The maximum energy (E^ax) that can be transferred to a 
free electron is given by:
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^ - = 7 ^  (3-9)
where M - mass of projectile (proton) 
m - mass of electron 
E - energy of projectile (proton).
Therefore if 2MeV protons are used then E^^x is equal to 4.35keV. When the impact is 
not head-on, energy will be transferred by the Coulomb interaction, and will be less than 
this value. Consequently the secondary bremsstrahlung is very intense below Ej^ x^» but 
decreases rapidly at energies higher than E^^x- Secondary bremsstrahlung has an 
anisotropic distribution in angle, with a maximum at 90°. Therefore most Si(Li) detectors 
are placed at a large back angle, to the direction of the beam, to minimise the 
contribution from secondary bremsstrahlung [Ish84, Ish77].
3.1.7.3 Gamma-Ray Contribution.
This background occurs when there are (p,y), (p,p’y) or (p,ay) reactions taking place 
between the incident proton and the nuclei of the elements in the sample. The light 
elements (Z<20) are responsible for most of the y-ray emission, and these are the major 
and minor elements of most biological specimens. The y-rays can either be Compton 
scattered and can be seen as a high energy tail in the spectrum, or be of sufficiently low 
energy to be seen as discrete peaks, which can lead to confusion in distinguishing them 
from x-ray peaks. For elements with Z>30, at proton energies of 3-5MeV, they provide 
a large background source, therefore it is better to work at lower energies, but not so low 
as to reduce the x-ray yield significantly. Also, for heavier particles with the same 
velocity as protons, and therefore greater energy, the resonance cross-sections for y-ray 
emission are large. Hence it is not surprising that protons with energies of l-3MeV are 
chosen - in order to reduce the background from the y-ray contribution [Joh88],
3.1.7.4 Environmental Contributions.
Environmental background may arise from radioactive sources in the laboratory, from 
cosmic rays, and natural radioactivity. As long as normal laboratory procedures are 
followed the environmental contribution can be considered negligible, and this was the
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case in these experiments.
3.1.7.5 Background Due to Charge Build-Up.
When the sample is non-conducting, a backgiound can be seen which is due to charge 
build-up. For thick samples, this is due to the protons which are brought to rest within 
the sample. The resultant discharge of these samples results in the emission of a 
background which can extend up to a few tens of keV of high intensity. This causes a 
poor signal to background ratio which leads to an increase in the minimum detection 
limit. This background can be reduced by using a lower cunent but analysis times take 
longer.
To reduce this effect various methods can be employed. These include depositing an ultra 
thin conducting material onto the sample [Fol74], mixing a conducting powder with the 
sample before pelletising [Jop62], Another approach is to spray electrons near the sample, 
using an election gun, and this should neutralise the charge produced by the protons 
[Ahl75]. The procedure used in this work, was to paint carbon dag (high purity carbon 
suspended in high purity water) onto the sides of the samples and sample holder, thereby 
providing a path for the samples to discharge.
3.1.8 Minimum Detection Limits.
The minimum detection limit (MDL) is the smallest statistically detectable amount of a 
particular element that can be detected above the background. This is defined as:
MDL^N^iF^B (3.10)
where Np - number of counts in full energy photopeak
Njj - number of counts in the background under the photopeak 
F - statistical factor, which gives the degiee of confidence in the determination 
of the MDL. If F is equal to 1 then the confidence level is 68%, 2 is 95.7%, 3 is 99.7% 
and 3.29 gives a confidence of 99.9%. The MDL depends on varying factors which 
include the collected charge, beam energy, detector resolution, the element that is being 
studied, and the matrix composition. The MDL is also dependent on the atomic number
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of the target matiix, therefore the beam energy should be adjusted to obtain the best 
sensitivity whilst also taking into account that y-ray contributions increase with energy.
As
MDL{counts)°^\INo, o f background counts (3.11)
it follows that
MDL (counts) « f  charge (3.12)
as the background is composed of bremsstrahlung due to charge build-up. The MDL can 
also be expressed in terms of concentration jt<g/g) as charge is inversely proportional to 
the concentration and this gives:
MDL(\xrIr) o^ ^  (3.13)
y/charge
Therefore to improve the MDL, the easiest way is to increase the charge collected.
3.1.9 Spectrum Analysis.
If the target is thick and the proton is stopped within the target, then the x-ray yield, Y 
is given by:
r°o (QF(g)_jg_ (3.14)Je, ’ S(E)
where C - concentration of element Z 
Nav - Avogadro’s number 
Q - total incident proton charge on the sample 
- solid angle subtended by the x-ray detector 
e(E) - intrinsic efficiency of the detector at the x-ray energy of interest 
A - mass number of the element 
e - charge on a single proton
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Ox(E) - x-ray production cross-section of the element Z by protons 
S(E) - mass stopping power of the target matrix 
Ep - incident proton energy
F(E) - x-ray attenuation factor in the matrix, where F(E) is given by:
- incident angle of proton beam (normal to the sample)
0p - take-off angle of x-ray (normal to the target)
x-ray mass attenuation coefficient for the sample matrix.
To determine the x-ray yield using equation 3.14, each parameter must be known 
precisely or calculated correctly; this is known as the Absolute Method, and this can be 
quite a complex procedure. In order to simplify the process of determination of the 
concentration the Comparative Method is used. This is where a standard of known and 
certified concentrations is analysed under identical conditions as the sample, and the 
relative x-ray yields are obtained. The equation now becomes:
C (3.16)sa Ys,QJJE^)
Where Y, C, and Q are the measured x-ray yields, concentrations and charge for the
dEsample (sa) and the standard (st)J(E^)=J'^o^(E)F(E) S(E) 
dE= (3.17)" S(E)
Effectively this removes the uncertainties in the detector efficiency, x-ray production 
cross-section and attenuation coefficients. There are some disadvantages in this method 
in that the position of the samples must be the same so that the x-rays will be emitted 
at the same angles, and the method does not allow for any fluctuations in the beam to 
be taken into account, however this can be overcome by normalising to the charge
60
collected. Another disadvantage is the extra time spent in preparing the standards, 
collecting their spectra, and analysing the data. Also the elements of interest in the 
sample, must be found and known in the standard, and the standard should have a matrix 
composition as close to the sample as possible, to cancel out the effects of proton and 
x-ray attenuation.
3.1.10 Internal and External Standards.
When using the comparative method the standards used can either be internal or external. 
For internal standards, samples are spiked with a known amount of an non-interfering 
element (usually yttrium or ruthenium), and the elemental concentrations are calculated 
relative to the internal standard. The advantages of using an internal standard are that 
uncertainties in cunent integration and geometric factors (i.e solid angle) are removed. 
For external standards, the reference material is separate from the sample. This removes 
the uncertainties in detector efficiency and minimises the uncertainties in the ionisation 
cross-section and attenuation coefficients. All the work presented here used external 
standards.
3.1.11 Computer Analysis - FIX AN.
To analyse the PIXE spectra the Lucas Heights PIXE analysis package PIXAN was used 
[Cla86]. PIXAN utilises the comparative method and uses two programs called BATTY 
and THICK. BATTY calculates the peak areas of the elements of interest and THICK 
calculates the x-ray yields of the elements in the sample and hence the concentrations. 
The programs employ various data sets (DSETs). These contain information about x-ray 
peaks and relative intensities (DSET2), coefficients for calculating stopping powers and 
mass attenuation coefficients (DSET3), parameters for calculating the x-ray yield such 
as the atomic number (DSET4), and finally the ionisation cross-sections calculated by the 
ECPSSR theory (DSETS).
BATTY is based on a model that describes the x-ray spectrum as modified Gaussian 
peaks on a continuous background. The background is either calculated by a polynomial 
fit which removes the low energy curvature due to absoiption effects, or an iterative 
approach which smooths the peaks down to a background continuum. The experimental
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details are then incorporated into the program and these include the filter thickness, 
calibration coefficients for energy and resolution, the energy range of interest, and a list 
of elements of interest (a ’shopping list’ of elements) (DSETl). DSETl also includes the 
matrix composition which allows corrections to be made which account for x-ray self­
absorption in the sample, BATTY removes silicon escape peaks before fitting commences 
and accounts for sum peaks and peak tailing, then a non-linear least squares fitting 
procedure is used to determine the peak area (CURFIT). The fitting is checked by 
observing the chi-square values, where the closer it is to 1 the better the fit. However 
large chi-squares have been reported where the fit is still good, and this is due to the chi- 
square having two components: the deviation between the real spectrum and the fitted 
spectrum, and the statistical uncertainty of the data. The lai'ge values are due to the 
latter, where there are a lai'ge number of counts rather than there being a poor fit, and 
this was reported by Sekine [Sek76].
The output from BATTY contains the parameters for the background (i.e. chi-square 
value, root mean squai-e value) and for each element the full energy photopeak area (N) 
and the error, defined as the standard deviation of the peak intensity, given by:
S^=vWÏ2B (3.18)
the chi-square, and the minimum detection limit (MDL) which is calculated as:
MDLi3.29'/B  (319)
where B is the number of counts in the background. Following on from Currie [Cur68] 
the factor of 3.29 is used (equation 3.19), which gives a rather conservative estimate of 
the detection limits and includes an estimate for the interelemental interference effects. 
The MDLs are also given for elements which are not found in the sample, but aie 
defined in the list of elements of interest.
The program THICK calculates the x-ray yields for both thick and thin samples. In this 
work thick samples were used, and this program corrects for attenuation of x-rays within 
the sample. Therefore it solves the integral (equation 3.17) of equation 3.16, and 
consequently the calculated x-ray yield for a unit concentration (which in this case is
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yW-g/g). The input file for THICK is DSET6 which contains information to describe the 
geometry of the system i.e distance between the sample and detector, angle between the 
incident beam and the sample, and the diameter of the detector crystal. For comparative 
analysis, most of these parameters do not need to be measured accurately as they will 
cancel out when using an external standard. THICK also utilises the incident proton 
energy, filter thickness, collected charge, the elements of interest (again in a ’shopping 
list’), and the matrix concentration of the major elements, which is determined by RBS. 
THICK also takes into account the detector efficiency which is calculated using the 
theoretical model of Cohen [Coh80], and attenuation due to the detector window, 
thicknesses of the gold contact and silicon dead layer, and any filters used.
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3.2 Rutherford Backscattering (RBS) Analysis.
3.2.1 Introduction.
Rutherford backscattering takes place when a proton is incident on a sample, and instead 
of the proton passing through the sample, it is backscattered. This backscattering is due 
to the Coloumbic interaction between the target nuclei and the proton, and consequently 
the proton is scattered at a large angle with a significant change in energy. This was first 
noted by Geiger and Marsden [GeilB], when they were trying to validate the work 
completed by Rutherford on the structure of the atom [Rutll], hence these protons are 
called Rutherford Backscattered protons.
The protons can be detected and measured, using a surface barrier detector, and can be 
used to calculate the target major element composition. This information is required when 
using the progr am PIXAN [Cla86] to make corrections for the attenuation of the emitted 
characteristic x-rays and loss of energy of the protons as they pass through the sample. 
For biological samples the matrix coiuposition comprises mainly of H, C, N, and O, and 
these elements cannot be measured using PIXE, therefore RBS analysis provides extra 
data that otherwise would not be established. However, RBS cannot detect hydrogen 
because the incident proton and the target atom have the same mass, and the incident 
proton will be scattered at a forward angle, not a backwards one [Chu78].
3.2.2 Kinematic Factor.
The kinematic factor relates the initial energy of the proton to the final energy after it has 
been backscattered and is given by:
(3.20)
where E  ^ - initial energy of the proton
E - energy of the backscattered proton 
Km2 - Kinematic Factor.
Kj 2^ is solved by assuming that the interaction is a single elastic collision between two 
isolated particles i.e. billiard ball argument. The geometry for this can be seen in Figure
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3.6. Assuming that the collision is elastic with the conservation of momentum and 
energy, in the laboratory reference frame, K^ 2 is given by:
1+/M,\M.
(3.21)
where M ,^ M2 - masses of the incident particle (proton), and target atom
9 - scattered angle measured form the direction of incidence (figure 3.6)
0 is usually known if the detector is at a fixed site, therefore by measuring the energy 
(E) of the backscattered protons, M2 can be calculated, and hence the element can be 
determined. Light elements will be seen on the spectrum at lower energies, whereas the 
heavier elements will be seen at higher energies, because the heavier nuclei will have less 
effect on the proton’s energy than the lighter elements.
nucleus
incident proton
backscattered proton
Figure 3,6. The RBS Geometry in the Centre of Mass Reference
Frame.
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3.2.3 Cross-Sections.
The differential scattering cross-section (da/dQ) is the probability of a backscattering 
event occuning and that it is registered by the detector. (The absolute scattering cross- 
section can be calculated by integrating over the solid angle). For Rutherford scattering 
the dc/dQ is given by [Mar68]:
-Z,Z,X2 0 \
2^
(3.22)
where Z^ , Z^  are the atomic numbers of the projectile (proton) and target atom, 
respectively.
For low atomic numbered elements resonance reactions also occur, which means that the 
cross-section is increased by elastic scattering (ESC). Above Z=14 the elastic scattering 
cross-section and the Rutherford cross-section (RSC) are not much different. Table 3.3 
gives the RSC and ESC for a few different elements.
Table 3.3. Comparison of Rutherford Scattering Cross-Sections (RSC) and
Elastic Cross-Sections (ESC).
Proton Energy 
(MeV)
Element RSC (mb/sr) ESC (mb/sr) 0"
2.0 12C 11.68 60 170
2.0 i^ N 15.96 80 170
2.0 16Q 21.30 82 165
1.484 ^Na 76.68 87.5 157.5
1.98 ^Si 65.62 83 170
Values for ECS are taken from [Rau85], apart from oxygen, and sodium which are taken from [Luo85], 
and [Bau56] respectively.
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3.2.4 Spectrum Appearance.
The spectrum obtained will appear" to have a step configuration where each element is 
represented by a single step function (Figure 3,7). The step will be in a channel position 
which depends on the element’s mass, and the height of the step is dependent on the 
element’s concentration in the sample. In a thick sample, the step of each element 
extends back to zero energy, and this is because the backscattered protons originate at 
different points in the sample, due to the proton’s energy being attenuated as it passes 
through the sample matrix. Consequently the spectrum appears with the steps being 
superimposed on each other, as shown in Figure 3.7, where there are two elements. In 
practise the step is not completely vertical, as the slope depends on the detector 
resolution and the solid angle. Figure 3.8 shows an actual RBS spectrum obtained for the 
standard Bowen’s Kale.
3.2.4 Spectrum Analysis.
If you assume that in a sample there are two elements then the following equation can 
be used to determine the matrix concentration:
where m/n - ratio of atoms of element A to that of B 
H - signal height for elements A or B 
G - scattering cross-section for element A or B
[S(E)]^° - stopping cross-section for protons scattered from either particle A or 
B in a compound of A^B^
Chu showed that [S(E)]^/[S(E)]b~ 1 [Chu78], and after rearranging equation 3.23 it takes 
the foim of:
(3,24)
Therefore, by using the RBS spectrum the concentrations of the elements can be
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determined and hence the sample matrix stoichiometry can be calculated.
Yield
Energy
Figure 3.7. A Schematic of an RBS Spectrum - Step Configuration.
Bowen's Kale
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§  4000.0oÜ
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Figure 3.8. An Actual RBS Spectrum - Bowen’s Kale.
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3.3 Instrumental Neutron Activation Analysis ŒNAA).
3.3.1 Introduction.
Insttumental Neutron Activation Analysis (IN A A) is an established technique used in the 
determination of trace element concentrations in a sample. It uses the interactions of 
neutrons with nuclei to produce radionuclides. These then de-excite with the emission of 
either protons, neutrons, alpha-partides, or gamma-rays. The fast neutrons are produced 
in a reactor, from the fission of which will produce a high neutron flux (which is 
needed for INAA), and thermal neutrons are produced by slowing the fast neutrons down 
using a moderator.
Neutron activation analysis as employed here was canied out by measuring the delayed 
gamma-rays that were emitted after beta (negative) particle decay following neutron 
capture by the target nucleus. These gamma-rays are characteristic of the nucleus and 
have discrete energies which can be used to identify the parent nucleus.
3.3.2 Reactions.
3.3.2.1 Radiative Capture.
For thermal neutrons radiative capture reactions are the ones that denominate and are 
used for neuti'on activation analysis. These reactions are characterised by a thermal 
neutron being captured by a target nucleus, which then forms an excited compound 
nucleus. Within lO'^ '* seconds, the compound nucleus deexcites, by the emission of 
prompt gamma-rays to the ground state of the nucleus. This neutron rich nucleus can be 
unstable. If the nucleus is unstable then it will decay usually by the emission of beta- 
negative particles followed by delayed gamma rays. This is shown in the following 
equations 3.25 to 3.27.
(3-25)
if the product nucleus is unstable:
69
(3.26)
(3.27)
where * denotes an excited state.
Both the prompt and delayed gamma-rays can be used to identify the nuclei and hence 
the elements within the sample. Prompt gamma-ray systems make use of neutron beams 
emerging from the reactor. However, for measuring prompt gamma-rays there can be 
problems due to neutron damage of the detector which are scattered by the sample and 
its surroundings into the detector, and due to gamma-rays detected which are not present 
in the sample such as the tar get holder, shielding materials and the detector itself. This 
work measured the delayed gamma-rays that were produced when the samples were 
irradiated in the core of the Imperial College Consort 11 Reactor. The delayed gamma- 
rays were counted after the sample was removed from the reactor, and measured at 
suitable decay times and hence activities.
3.3.2.2 Transmutation.
Transmutation reactions involve the incident neutron being captured by the target nucleus, 
and a charged particle being emitted such as a proton or alpha particle e.g (n,p) and 
(n,a). For this reaction to take place the neutrons must have sufficient energy to 
overcome the threshold energy that is needed for the reaction to take place, hence the 
neutrons that are usually involved in transmutation are epithermal neutrons.
3.3.2.3 Inelastic Scattering.
Inelastic scattering involves the incident neutron being scattered from the target nucleus, 
with a loss of energy, and a gamma-ray is subsequently emitted. If a neutron has 
sufficiently high energy (i.e. fast neutron), inelastic scattering occurs with the nuclei of 
the target atom. The nucleus recoils and is elevated to one of its excited states, and then 
deexcites with the emission of a prompt gamma-ray, whereas the neutron loses energy. 
These type of reactions are denoted by (n,n’) or (n,ny).
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3.3.3 Spectrum Analysis.
In order to calculate the number of gamma-rays that can be attributed to a particular 
parent nucleus, then the detector response is needed. This is found by identifying the 
parent isotope and measuring the quantity of radionuclide produced, and hence the 
amount of parent nuclide present in the sample, at a particular time. Figure 3.9 shows a 
graph depicting how the activity increases until the end of irradiation, and then how it 
decays.
In a sample, the number of nuclei (N^) of isotope of element X is given by:
^  (3 28)
A
where m - mass of the element ^X
f - fractional abundance of the isotope 
A - atomic weight of the element X 
Nav - Avogadr'o’s Number 
The rate of production of is equal to the rate at which it is formed by neutron 
capture minus the rate at which it decays. Therefore the number of nuclei of ^^^ X at any 
time, t, is N^+i, and the rate of production is given by:
dN (3.29)
where a  - reaction microscopic cross-section 
(j) - theimal neutron flux 
A^+i - decay constant of 
After integrating this gives:
(3.30)
where t^  - irradiation time
The activity of radionuclide at the end of the irradiation. A;, is given by:
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(3.31)
The activity of at the end of the waiting time ( tJ  is given by:
(3.32)
and the activity at the end of the counting time (tj is given by:
(3.33)
This then gives the number of nuclei that have decayed during the counting period as:
(3.34)
Therefore:
KiH (1 -e  -e (3.35)
The detector response (D) will be dependent on the absolute efficiency (e^ ) of the 
detector for the particular energy of the gamma-ray line detected, and the branching ratio 
for this gamma-ray of interest (1^ ). The detector response is the number of counts 
recorded in the full energy photopeak. The detector response is then equal to:
(1 -e _g (3.36)
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Figure 3.9. The Growth and Decay of an Irradiated Sample.
3.3.4 Methods of Analysis.
There are three main types of analysis that can be applied to NAA data. These are the 
Absolute method, and the multi- and single-comparator methods. The Absolute method 
utilises Equation 3.36 and therefore the reaction cross-section, branching ratio, neutron 
flux, decay constants and efficiency of the detector must all be known precisely and 
accurately.
The multi-comparator method uses a reference material with certified elemental 
concentration that is supplied by, for example, either NIST or IAEA. This reduces the 
uncertainties in the reaction cross-section, branching ratio, decay constants and efficiency 
of the detector, but there will still be an error due to the variation in neutron flux as 
sample and reference material may be exposed to slightly different fluxes. The neutron 
flux will vary along and across the inadiation tube in which the samples are placed, 
however this is solved by using a flux monitor which enables the flux to be normalised 
for the positions of sample and standard . The multi-comparator method as for PIXE does 
have some related problems which require that the element of interest must be present
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in the standard if tiie concentration is to be determined. In addition the standard takes up 
valuable space in the irradiation capsule, and extra time is needed in collecting and 
analysing the spectrum for the standard.
The single comparator method uses one element, which has a known concentration. The 
concentiations of the other elements are calculated relative to it using experimentally 
deteimined parameters called k-values [Gir65]. However these k-values can only be used 
for one counting geometry, consequently different sample and detector positions need 
different k-values. De Corte [DeC69] introduced a way of calculating k-values for an 
irradiation channel by knowing the epithermal to thermal ratios for both the neutron flux 
and neutron cross-sections for a known ’reference’ channel. The k„-factors introduced 
were experimentally determined but were independent of the irradiation and measuring 
conditions [Sim75], For the single comparator method flux monitors are used as the 
comparator, because the thermal to epithermal neutron flux ratio needs to be known and 
the monitor consists of only one element.
The flux monitor which is employed is usually zirconium because it can monitor both the 
thermal neutron flux using the ^^Zr isotope and the epithermal neutron flux using the ®^Zr 
isotope. The gamma-ray energies (and intensities) for these isotopes are 909keV for ^^ Zr, 
and 724keV (55%) and 757keV (42%) for ^^ Zr. The half-lives are 78 hours and 65 days 
for ®^ Zr and ^^ Zr respectively. Zirconium is available in the form of a high purity wire, 
and this means that there will be little in terms of gamma-ray contributions from other 
elements. As it is a wire (diameter-12'^n ) the self-shielding effects will be minimised 
and it can be cut to any desired length. Due to the different reactions by which the 
zirconium isotopes are produced it is used for monitoring the thermal and epithermal flux 
ratio.
3.3.5 Irradiation and Counting Times.
Irradiation and counting times can be chosen to favour particular isotopes because the 
decay constant of the isotope determines its rate of decay after irradiation but it also 
governs its growth in activity during irradiation [Hey84]. Figures 3.10a&b depict the 
difference that the waiting time can have on the same skin sample, after 35.5 hours
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irradiation. Figure 3.10a was collected after a waiting time of 6 days, and the spectrum 
is dominated by the *^ Br isotope (half-life=35.8 hours). The peaks for ®^Rb and ®^ Zn (half- 
lives = 18.6 days and 245 days respectively) are not clearly seen, however in Figure 
3.10b the waiting time was 11 days, and these isotopes are better defined as the ®^ Br has 
decayed significantly, the Compton edge reduced and the signal-to-noise ratio greatly 
improved for these and other gamma-ray lines.
3.3.6 Computer Analysis - SAMPO80.
The analysis was performed using a modified version of the software package SAMPO80 
[Kos81]. The three main programs of SAMPO are: SAMPOSHAPE which calculates the 
shaping parameters which are used to fit the peaks to the data, SAMPOFIT which does 
a peak search and fits the data, and SAMPOID which identifies the peaks. SAMPOID 
was not used in this work, and the peaks were identified by looking at the gamma-ray 
output from SAMPOFIT and comparing this to nuclear data compilation tables of 
isotopes [Mac?6].
SAMPOSHAPE fits peaks to a reference spectram at suitable inteiwals, in order to 
determine the shaping parameters. The reference spectrum was obtained from the decay 
of *^ E^u because it emits many gamma-rays with a wide energy range. Table 3.4 shows 
the gamma-rays produced with their relative intensity from the decay of this radionuclide 
[Led?8]. In SAMPOSHAPE the peaks are assumed to be Gaussian with exponential tails 
on both sides, with an assumed linear background. There are seven parameters which are 
used to describe each full energy photopeak. These are:
i) Gaussian full width half maximum (FWHM)
ii) height of the Gaussian peak
iii) centroid of the Gaussian peak
iv) distance from the centroid to the lower exponential tail
v) distance from the centroid to the higher exponential tail
vi) background continuum constant
vii) background continuum slope.
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There are also pai'ameters to describe the goodness of the fit to the reference spectrum, 
and these are SIGMA and the error correlation. SIGMA is the square root of the 
conventional chi-squaied, and the error correlation (which is similar to the chi-squared) 
takes into consideration the number of channels in the photopeak, and the number of 
parameters fitted. For a good fit SIGMA should be less than 5 and the error correlation 
should lie within the range +1 to -1, and therefore badly fitted peaks can be rejected from 
the shaping. Providing that measuring conditions stay the same, the process needs only 
to be performed once for a particular batch of samples (i.e capsules irradiated at the same 
time in the same irradiation core tube).
SAMPOFIT finds and determines the energy and peak area of each full energy 
photopeak. It searches for these peaks by summing over a number of channels which is 
determined from the FWHM of the reference spectrum. SAMPOFIT then calculates the 
peak areas by fitting the modified Gaussian on a parabolic background (determined by 
the shaping parameters), to the data using a least squaies fit. Finally the peak areas are 
coiTected for efficiency (this is not necessaiy when using tlie comparative method), and 
the energy of each peak is calculated. The output from SAMPOFIT is in the form of 
peak energies, peak areas and their associated statistical enors. However no detection 
limits are given, but as the errors are quoted, these can be used to determine the 
background and therefore the minimum detection limits.
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Table 3.4. The Gamma-Ray s Emitted in the Decay of ^^ ^Eu, with Relative Intensities 
with respect to the 344keV Gamma-Ray [Led?8].
Energy (keV) Relative Intensity (%)
12L8 112.8^37.0
244.7 28.38^9.3
296.0 1.59+0.5
344.3 lOOtl.O
367.8 3.1811.1
411.1 8.26+2.1
444.0 10.610.6
488.5 1.4910.5
586.2 1.7310.7
678.6 1.7111.1
688.6 3.1312.0
778.9 46.7615.3
810.5 1.17+0.5
867.4 15.0612.7
919.4 1.47+0.5
964.0 52.7tl.4
1005.1 2.34il.6
1085.8 37.12+6.7
1089.8 6.16t2.9
1112.1 49.28+6.7
1212.9 5.2612.0
1299.2 6.1513.4
1408.1 76.2122.0
1458.0 1.8711.0
1528.7 1.1410.7
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Chapter 4. Experimental Details.
4.1 Ion Beam Analysis Equipment.
4.1.1 Introduction.
Both PIXE and RBS requke the same basic equipment: accelerator, beam line and target 
chamber. The differences are in the detecting systems i.e the detector and the associated 
electi'onics.
4.1.2 Van de Graaff Accelerator.
The protons produced, were accelerated by the University of Smrey’s Van de Graaff 
accelerator [Myn85]. This works by having a charged inner conductor and a hollow outer 
conducting shell. The chai'ge from the inner conductor will flow to the outer one, when 
they are placed in electrical contact, and this is achieved by the means of a continuously 
moving belt, onto which the charge is sprayed. An ion source - in this case hydrogen gas 
- is located inside the outer conducting shell, and the ions move towards the ground 
potential, through the potential difference that is created by the accelerator. The 
accelerator can be adjusted to produce energies between 500keV and 2MeV and for the 
work presented here a 1.8 to 2MeV proton beam was used.
In principle the potential can increase without limit as more charge is added, but in 
reality a limit is imposed due to electrical breakdowns of the insulating column that 
supports the outer conductor, or the surrounding atmosphere. These types of breakdowns 
are known as ‘sparking'” and consequently the accelerator is held inside a pressure tank 
with an insulating gas to reduce sparking.
4.1.3 Beam Line.
The proton beam is guided from the accelerator by means of an evacuated tube which
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leads to the tai'get chamber, which is the beam line, and is shown schematically in Figure 
4.1. Once the beam has left the accelerator it is switched into the appropriate beam line 
by a switching magnet. There is an automatic gate valve that is used to maintain the 
vacuum at 10'^  toiT in the line. This is followed by the control slits which help keep the 
beam energy stable by means of a feedback loop. If the beam hits one of the slits it 
indicates a change in the beam energy resulting in the deflection of the beam by the 
switching magnet. The steering plates are then used to steer the beam into the tai'get 
chamber, by altering the voltages that are applied to them in order to obtain a beam in 
the chamber with a maximum current. An aperture diameter is then selected from 2^um, 
5 ( ^ ,  25(jMm and 1mm, and these are put in place by using a vernier micrometer. The 
beam can be checked using various viewing ports along the beam line and these are used 
to ensure that the beam is travelling the length of the line as well as to check the beam 
size and shape.
For the work presented here the 1mm aperture was used. When focused this produces a 
beam spot of 20(jhm diameter (Appendix B explains the focusing procedure). A large 
aperture was used in order to scan over a larger area of the sample, to reduce the effect 
of inhomogeneities in the sample and to reduce sample heating which can lead to the 
sample being burnt.
Next along the line are the scanning deflection plates which are used to scan the beam 
over the sample, and these are controlled by the user at a console. The scanning hardware 
and associated software are mentioned in section 4.1.4.
Quadrupole magnets are used to focus the beam, and these consisted of four magnets 
with alternating poles. This configurement is known as the Russian quadruplet, and the 
arrangement has been used at AERE, Harwell [Coo72]. When the beam is properly 
collimated and focused the beam halo which surrounds the beam spot can be significantly 
reduced. This is desirable because if the halo hits the suixounding material, other than the 
sample, x-rays will be produced that will interfere with the spectrum obtained from the 
sample [Nob75]. However the halo was small, and will extend only a little way past the 
sample if at all, and the detection of x-rays from the surrounding area will be negligible
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Figure 4.1. Schematic of the Beam Line.
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compared to the detection of x-rays from elements within the sample [Jey97].
Finally there is a manual gate valve which separates the beam line from the target 
chamber. This allows the target chamber to be taken to atmospheric pressure, for 
changing sample plates, whilst the beam line is still at 10^ torr. The pressure in the 
target chamber is reduced to 10'’ torr by means of a rotary pump, and is reduced further 
by a liquid nitrogen cooled diffusion pump.
A detailed account of the beam alignment and focusing procedure is found in Stedman 
[Ste96].
4.1.4 Beam Scanning.
The beam scanning was designed [Mil94, Pee94] to enable a user to control the raster 
scan over the sample, and for the data to be collected and displayed in real time. This 
was achieved by using transputers. The data was collected from individual pixels and this 
software enabled 2-dimensional maps to be plotted of elemental concentrations.
The scan was defined by its position, size and speed and these were controlled by the 
user. Each scan had a maximum co-ordinate system of 4096 by 4096 pixels (2mm by 
2mm, therefore each pixel is about 0.5^n), however due to memory constraints the 
maximum data that could be collected was 128 by 128 blocks of data with a step size of 
32 pixels (32=4096/128), and each block of data scans an ar ea l ^ n  wide. The speed of 
the beam was controlled by the dwell time, and this defined the amount of time that the 
beam stopped at each pixel. The minimum amount of time was equivalent to 64 s (1 
dwell time), and the maximum was about 2s. The user could also control the number of 
times the sample was scanned over the defined area (with a maximum of 32,000) and in 
this work the maximum was selected with the scan being stopped manually when the 
required charge had been collected, which was noted.
For this work the largest area that could be scanned was defined, and this covered an 
area of 2mm by 2mm. Therefore great care was taken in setting-up and aligning the beam 
correctly, so that the scan parameters were not changed thus decreasing the scan size. The
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dwell time that was used was 5 (5x6^), which was long enough on each pixel 
but small enough to prevent the sample fi*om overheating.
4.1.5 Target Chamber.
The samples and detectors are held within the target chamber (Figure 4.2), which is 
separated from the beam line by a manual gate valve. This enables the sample plates to 
be changed without losing the high vacuum in the beam line. The target chamber is 
composed of aluminium because if the protons are scattered away from the sample and 
into the aluminium, then low energy x-rays are produced which can be filtered from the 
PIXE spectrum by using a mylar filter, therefore x-rays from A1 and elements of Z<13 
were not detected. The Si(Li) detector is held at 135° to the incident beam at a backward 
angle reduces the background counts because secondary bremsstrahlung has an 
anisotropic distribution in angle, with a maximum at 90° [Ish84, Ish77]. In earlier designs 
of target chambers the Si(Li) was placed at 90° to reduce the target to detector distance 
[Fel72]. The Ortec EG & 0  surface barrier detector is placed at 165° to the incident 
beam, however the optimum position is at 180° for there to be maximum differences 
between the Kinematic Factors for different elements, but at this position the incident 
beam would be obstructed. A brass collimator (5mm diameter hole) was placed on the 
surface barrier detector to reduce the count rate, and hence dead time.
The target plate, which has positions for a total of fifteen samples and standards, is held 
in the target chamber on a brass plate which can be moved by a stepper motor 
perpendicular to the beam line. This system allows fifteen samples to be analysed in one 
run, without the need for opening the chamber to air. Also the brass plate is connected 
to the cold finger, but the cold finger had to be waimed up every time the chamber was 
opened, otherwise water vapour would condense on the samples and in the chamber. The 
cold finger consisted of a liquid nitrogen reservoir connected by copper braiding to a 
copper plate where the sample plate was held. The target system allowed two- 
dimensional movements so that the samples could be positioned in front of the proton 
beam by using a stepper motor (perpendicular to the beam line), and that the beam could 
be focused onto the surface of the samples (parallel to the beam line).
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The cold finger is used to keep the samples coldr50°C, so that sample heating is reduced. 
When a proton interacts with a sample it will deposit energy in the form of heat. Kirby 
[Kir91] found that this can cause volatile elements to be lost from biological materials. 
In this study, it was found that when rat kidney was analysed, and H, C, S and Cl were 
lost within the first few minutes of analysis. Stedman [Ste96] found that by using a low 
current, large diameter beam and the cold finger to keep the sample cool that there was
no measurable elemental loss.
Si(Li) Detector
filter Goniometer
^cident
Beam
Surface Bairier 
Detector Samples and 
target holder Cold Finger
Brass Collimator
Figure 4.2. Schematic of the Target Chamber.
The cold finger was not only used for reducing sample heating but it was connected to 
a current integrator to give the total charge collected for each sample. (The total charge 
for each sample must be known to be able to do quantitative analysis. The charge for 
each sample is noimalised to the standard’s charge and this allows for variations in the 
beam current that might occur). However as the samples were thick and insulating, 
sample charging can take place, resulting in x-ray bremsshahlung. Therefore the signal- 
to-noise ratio decreases and the detection limits are increased. Sample charging can be 
eliminated by evaporating a low atomic number conducting element onto the sample 
surface i.e carbon [Pap78], but this can introduce contaminants. Another method is to
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introduce a conducting substance to the powdered sample before palletising [Wil77], 
again this can introduce contaminants to the sample and will only work for samples that 
can be palletised. In this work, carbon dag is painted along the edge of each sample to 
allow cuiTent integration to the copper backing plate. Carbon dag consists of a high 
purity carbon which is suspended in high purity water.
The cold finger was also used to supply a positive bias to the target plate for electron 
suppression. Secondary electrons can cause inaccurate readings of proton charge, 
consequently by suppressing the electrons these inaccuracies can be reduced. Following 
the work of Arshed [Ars91] and Stedman [Ste96] a bias of +200V was used. Arshed 
showed that the yield of the copper X-ray increased up to +100V, and then reached 
a plateau.
The tai'get chamber also holds an optical viewing system, which allows the user to view 
the samples. The image of the target is passed from the target chamber to an outer 
eyepiece using a 90° prism, and different lenses can be placed in the system to give 
different magnifications. Using low magnification the whole tar get plate can be seen and 
this allows the positioning of the samples relative to the proton beam. Additional 
magnification is achieved by moving an objective lens into the field of view. The lens 
is held on a moveable ann which can be operated from outside the target chamber. This 
higher magnification was used for the focusing of the proton beam and positioning of the 
sample in the par allel to the beam line. However, for the target to be seen a window and 
an external lamp were used. During data collection the window was covered with an 
aluminum cap to prevent light entering the chamber, because the atmospheric thin 
window (ATW) Si(Li) detector is light sensitive.
4.1.6 Lithium Drifted Silicon Detector (Si(LD).
4.1.6.1 Introduction.
A Si(Li) detector was used for detecting the x-rays that were produced. A Si(Li) detector 
is produced by drifting lithium ions into a silicon crystal to create an n-type region on 
the p-type crystal, producing an n-type semiconductor device [Kno89]. The Si(Li) can 
detect energies over most of the x-ray range with good efficiency [Kno89].
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The work conducted here used a Si (Li) detector with an atmospheric thin window (ATW) 
which was composed of Sk^^ with a thickness of 200nm. These windows aie very fragile 
and the window was replaced on several occasion due to fractures, usually accompanied 
with a new crystal, resulting in a brand new detector. Therefore a full characterisation 
was only completed for one ATW detector, however for other ATW detectors some 
characterisation measurements were made. Consequently the characterisation results 
shown here are for the detector which was fully calibrated, and where possible 
comparisons are made between the previous ATW detector, and a beryllium window 
detector which had been chai*actensed by other authors [Bea94, Mac94].
60.0
gradient=38.2(0.14)eV /channel 
intercept=-536.2(106.5)eV50.0 Tb K„
40.0
^  30.0O) Ag K,
Mo K
20.0 Ag K.Rb K
Mo K,Cu K
10.0 Rb K,
correlation coeff=0.9999491
0.00.0 500.0 1000.0 1500.0
Channel Number
Figure 4.3. Energy Calibration Graph.
4.1.6.2 Energy Calibration.
The energy calibration of a Si (Li) detector is a veiy important consideration, because this 
allows x-ray peaks to be correctly identified, and it should be a linear function. The 
calibration can be determined by plotting the energy of various x-ray standard sources 
against the channel number of the x-ray’s peak position (±1 channel).
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The calibration was achieved by using a variable x-ray standard source from Amersham. 
This consisted of an 370MBq ceramic source sealed in a stainless steel capsule, 
with 6 different target elements placed in a rotating holder. Each target can be placed 
under the source in turn, and the alpha particles that are emitted interact with the target 
to produce characteristic x-rays. Table 4.1 gives the details of the targets and their 
associated x-rays. The graph obtained for the calibration is shown in Figure 4.3, and it 
can be seen that the graph is linear with a correlation coefficient of 0.9999. This graph 
also shows that the applied voltage is high enough (~500V) to avoid significant loss of 
chai'ge due to trapping and recombination [Kno89].
Tables 4.1. Characteristic X-Rays for the Target Elements.
Target Element 
(Z)
X-Ray Energy (keV)
K„ Kp
Cu (29) 8.04 8.91
Rb (37) 13.37 14.97
Mo (42) 17.44 19.63
Ag (47) 22.10 24.99
Tb (65) 44.23 50.65
Ba - not used 32.06 36.55
4.1.6.3 Resolution and the Fano Factor.
Resolution is another important factor in defining a detector. Without good resolution 
adjacent peaks on a spectmm could not be resolved. The resolution is defined from the 
Full Width at Half Maximum (FWHM), which is the width of the peak at half the peak 
height, and is usually quoted for comparison as that at 5.9keV, since this is easily 
obtained from ^^ Fe.
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A gi'aph of FWHM against x-ray energy was plotted (Figure 4.4), using the x-rays 
obtained from the variable x-ray standaid source and also P K K„ and Ca from 
Bowen’s Kale, and Fe K„ from IAEA Animal Blood [Mur85], which are used to 
calibrate the detector on experimental days. From the graph it is found that the FWHM 
is 141.9 - 17.4eV which compares well with quoted resolution by the manufacturers 
(Oxford Instruments) 140eV at 5.9keV. The previous ATW Si(Li) detector was measured 
as having a resolution of 141.7- 14.4eV and this was confinned by Stedman [Ste96]. 
It has been found that resolution increases with time and this is depicted by the resolution 
of a previous beryllium window detector where the resolution was 141eV in 1991 
[Ars91], 150eV in the eai’ly part of 1994 [Bea94], and 160eV just before the window was 
replaced [Mac94]. This is believed to be caused by ice building up on the crystal.
It can also be seen from the gi'aph how the resolution of the peaks increase at a faster 
rate than the Kp peaks. This is due to the K„ and Kp peaks being made up of 
component peaks, with the difference between components being lai'ger for the peaks 
than the Kp. With an increase of x-ray energy the difference between the components 
increases. The component peaks can not be resolved by the detector and this is seen on 
the spectmm as a broadening in the peak. For example, the K^^^  peak for Mo is 
17.476keV and the K„2 peak at 17.37IkeV (a difference O.llkeV), whereas the Kp 
peaks aie at 19.587 and 19.605keV (a difference of 0.02keV) and closer together.
The broadness of the peak is described by the FWHM, and this is a sum of three main 
components. The first is due to electronic noise (cOg) which is produced by the 
components used for the processing of the signal. The second is the detector leakage 
current and any chai'ge collection problems that occur (cOc). The final part is due to the 
statistical spread of the charge earners in the detector (cùs). Thus the total FWHM, %  is 
given by:
Cùy? = C0/  + G)ç^  + 0) /  (4.1)
where - total FWHM.
It is assumed that:
where 8 - energy required to create one electron-hole pair (3.76eV for a Si(Li)
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m/=(2.35)^6F£ (4.2)
at 77K [Kno89])
E - x-ray energy
F - Fano factor, which is used to adjust the observed variance in the total number 
of charge carriers to the values predicted by the Poisson model.
It is found that the contributions from the leakage current and the electionic noise are 
negligible [Kno89], Therefore by plotting the FWHM^ (m/) against the x-ray energy, the 
Fano Factor can be calculated from the gradient of the graph which is equal to 2.35^Fe 
(Figure 4.5). The Fano factor was calculated as 0.129 - 0.016. This lies in the range of 
published data where the Fano factor can vaiy from 0.084 to 0.16 [Kno89]. For the 
previous ATW detector the Fano factor was determined as 0.113 i  0.036 and was 
confirmed by Stedman [Ste96].
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Figure 4.4. A Graph of FWHM Plotted Against X-Ray Energy.
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4.1.6.4 Gaussian Peak Fitting.
Gaussian peaks are bell-shaped peaks that aie symmetrical about the mean,^, and the 
width of the peak is defined by a, the standard deviation. If the standard deviation is 
large then the peak will be broader. A Gaussian peak is represented in Figure 4.6, and 
is defined by the equation [Bar89]:
 eOyl2%
(4.3)
where P(x*^ g) - Gaussian probability distribution function. 
For a Gaussian distiibution,
FWHM^235o
FWTM=4.29o (4.4)
where FWTM - full width at tenth maximum.
A graph of FWTM/FWHM against x-ray energy was plotted (Figure 4.7) giving an
FwHm
h/2
FwTm
p+2a\ i - a p.+o
Figure 4.6. A Diagram to Show the Shape of a Gaussian Peak.
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average value for the FWTM/FWHM of 1.515, showing that the x-ray peaks are not a 
perfect Gaussian (for a perfect Gaussian FWTM/FWHM = 1.8226), and are thinner 
which suggest that the peaks have a Lorentzian distribution [Dys73].
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Figure 4.7. Graph of FWHM/FWTM Against Energy.
4.1.6.5 Detector Window Spacing.
The detector window spacing is defined as the distance behind the window to the front 
face of the ciystai, r. This value is needed to be able to calculate the efficiency of the 
detector. The detector window spacing can be measured by placing a source directly in 
front of the detector’s face, and measuring the counts that are detected at different source 
to detector distances, d. The geometry of the set-up can be seen in Figure 4.8. By using 
the inverse square law, the interaction depth can be calculated from:
KA=-{d+r) (4.5)
where A - number of counts in the full energy peak 
k - constant
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d - source to detector distance 
r - detector window spacing
Source
CrystalDetector
Figure 4.8. The Geometry for Calculating the Detector
Window Spacing.
By plotting a gi*aph of the source to detector distance, d against l/(No. of Counts)”’^ , the 
interaction depth can be found from the intercept. Earlier attempts to move the detector, 
instead of the source, caused problems and it was decided to move the source instead. 
This also had associated problems, as the target chamber had to be opened each time the 
source needed repositioning, instead of moving the detector externally. The variable x-ray 
source was used, and graphs were plotted for Mo K„, Ag and Kp (Figure 4.9-4.11), 
and from these the interaction depth was calculated to be an average (± standard 
deviation) of 13.8^0.6mm. The previous ATW detector was found to have an interaction 
depth of 13.7^0.7mm and this was confiraied by Stedman [Ste96]. Macheta [Mac94] 
found that the beryllium window detector had a depth of 13.2mm.
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Figure 4.10. The Detector Window Spacing Using Ag 22.10keV.
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Figure 4.12. Photograph Showing the Calibration Tools.
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4.1.6.6 Crystal Geometry.
The geomeü'y of the ciystal needs to be known for the efficiency of the detector to be 
calculated. This was achieved by scanning a finely collimated beam of photons across 
the detector face, and down its side. Special collimated tools were designed and made for 
this puipose, and were based on tools designed by Macheta [Mac94]. The tools consisted 
of a perspex tube which could fit over the end of the detector, and onto an end cap, that 
was provided by Oxford Instruments. Onto the appropriate end there was a brass plate, 
8.5mm thick, with 0.5mm diameter hole for collimation. Scales with 1mm graduations 
were engraved onto the perspex fixtures to enable the source to be positioned accurately. 
Figure 4.12 shows a photograph of the tools.
A *^ ^Ba point source was used to scan across the window of the detector, and readings 
were taken every 0.5mm. Graphs were plotted of counts against distance scanned for both 
energies detected - SO.OkeV and 35.8keV (Figure 4.13 and 4.14). The diameter of the 
crystal, using both graphs and determining the FWHM, was calculated to be 5.401 
0.2mm. The position of the crystal was found to lie slightly off the centre of the housing, 
being an average of 6.85t 0.2mm from one side and 5.65‘i- 0.2mm from the other. The 
crystal was known to be circular and the area of the crystal was calculated to be 22.9Î 
1.7mm^. The manufacturers, Oxford Instruments, state that the area should be 30mnf.
The detector was scanned down the side using an '^'^Am point source, and the counts for 
the 59.4keV peak were plotted against the distance down the side (Figure 4.15), where 
zero coiTesponded to the front face of the detector. Using the graph, the length of the 
crystal was found to be 3.5^ 0.2mm, with the crystal 12.7 - 0.2mm away from the front 
of the detector face, and the interaction depth was found to lie within the region of the 
crystal. Macheta [Mac94] found that the length of the ciystal in the beryllium window 
detector was 3.25± 0.2mm.
The results could have been improved by scanning the face at different orientations, 
however time did not allow for this to be completed. As the ciystal is slightly off centre 
the value for the width might be slightly out (and hence the ciystal area), and scanning
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Figure 4.13. Scan Across the Detector Face.
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Figure 4.14. Scan Across the Detector Face.
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at different orientations would have checked to see if this were tiue. However, the 
detector was being used by other operators, and soon after the work presented here was 
completed, the window was damaged and needed to be replaced, also with a new crystal. 
The results could have further been improved by using a finer collimated hole, but this 
is a difficult engineering task, and also the count rate would drop considerably resulting 
in longer counting times.
4000
3000
Crystal Faces at 
12.7mm and 16.2mm
Back 
Face -FrontFace3 2000
1000
0 L_ 11.0 12.0 13.0 14.0 15.0 16.0 17.0
Distance (mm)
Figure 4.15. Scan Down the Side of the Detector, Using Am, 59.4keV
4.1.6.7 Absolute and Intrinsic Efficiencies.
The absolute (e^ bs) intiinsic (6;^  ^ efficiencies are defined as:
no, o f pulses detected
^abs~
^intr
no, o f photons emitted by the source
_______ no, o f pulses detected_______
no, o f photons incident on the detector
(4.6)
For the intiinsic efficiency to be determined the solid angle subtended by the detector 
crystal from the source needs to be known, and the solid angle can be calculated by:
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Q =2tc 1 -
\jd^+a 2/
(4.7)
where Q - solid angle
d - distance between the source and interaction point (detector window spacing 
+ source to crystal distance = 13.8 + 8mm) 
a - crystal radius (calculated as 5.4/2mm).
And the intrinsic efficiency is related to the absolute efficiency by:
(4-8)
The absolute and intrinsic efficiencies were calculated for the detector, using ^^ ^Ba and 
“^^^Am. The sources were held 8mm in front of the detector face, by fixing the sources 
to the end cap (which was also used with the calibration tools), and the end cap was then 
fitted onto the detector. Table 4.2 shows the calculated absolute and intiinsic efficiencies 
for both *^ ^Ba and '^^ ‘Am. The branching ratios, theoretical and actual counts per second 
(CPS) are also given.
Figuie 4.16 shows the intrinsic efficiency plotted against energy. It can be seen that the 
efficiency of the detector falls off at high photon energies as the probability of the photon 
interacting with the crystal is reduced, due to the high energy photons passing straight 
through the detector without depositing any energy. At low energies the efficiency also 
drops due to the photons being attenuated by the window, the gold contact layer, the 
silicon crystal, and the dead layer, and veiy low energy photons are not detected at all 
as they cannot penetiate through into the crystal.
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Table 4.2. The Calculated Absolute and Intrinsic Efficiencies.
Energy
(keV)
Branching 
Ratio (%)
Theoretical
CPS
Detected
CPS
Gabs (%) Gintr (%)
'""Ba 30.85 99.46tl.24 669 X 10" 1463 0.219^0.0056 57.92il.48
'""Ba 35.0 + 
35.8
23.16^2.3 156 X 10" 206+46 0.162^0.0093 42.85t2.46
^'Am 11.88 0.808^0.07 2.91 X 10" 10 0.344^0.100 90.98^26.5
^'Am 13.90 13.4t0.28 48.2 X 10" 162 0.339Î0.026 89.66t6.88
^'Am 17.75 20.9i0.38 75.1 X 10" 207 0.297±0.019 78.55i5.03
^'Am 20.8 4.9t0.10 17.6 X 10" 48 0.272^0.039 71.94110.3
""^ 'Am 26.35 2.4Î0.14 8.63 X 10" 29 0.33610.056 88.86^14.8
^'Am 59.54 35.9i0.6 129 X 10" 63 0.049^0.006 12.96tl.59
The branching ratios were taken from [Cam86] and [Gal74].
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Figure 4.16, Graph of Intrinsic Efficiency Against Energy.
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4.1.6.8 Filter System.
The window of the ATW Si(Li) detector is very fragile, and touching the window very 
lightly can cause the window to break, and consequently the window and usually the 
crystal needs to be replaced. To prevent this from happening a new filter system was 
designed to eliminate a user’s need to place a filter cap on the end of the detector. The 
new filter holder consisted of a perspex monocle where the mylar filters could be placed, 
and a brass ring placed on top to hold the mylar in place. This was then attached to the 
target chamber using an aluminium rod that screwed into the chamber. Due to the design 
it was known as the monocle filter system, and a photograph of it is shown in Figure 
4.17.
Figure 4.17. Photograph of the Filter System.
4.1.7 Data Collection.
The data collected for both PIXE and RBS, had different associated electronics, but were 
collected simultaneously. The schematics for the electronics are shown in Figures 4.18 
(RBS), and Figure 4.19 (PIXE).
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For the RBS data, the signal from the surface barrier detector goes through a pre­
amplifier (Ortec 142), which has connections for not only passing the signal onto the 
main amplifier, but also for supplying the bias of +75V to the detector. The amplifier 
(Ortec 152), shapes and amplifies the pulse, and this signal can be viewed on a CRO. 
Finally the spectrum obtained can be viewed on the Amstrad PC, using an MCA package. 
The data are stored onto disk, and are transferred at a later date onto the network, where 
the data are analysed using XRBS [Jey97].
The signal from the Si(Li) detector is first passed through a pre-amplifier, which is 
located in the detector housing. The signal is then fed into a signal pulse processor (made 
by Link Analytical Ltd, now Oxford Instruments, model 1871/1785). The pulse processor 
defines the energy range of interest, and in this work the range 0-20keV was used, and 
amplifies and shapes the pulse. It is also used to provide the high voltage to the detector. 
The linear output is then fed into an Analogue-to-Digital-Convertor (Ortec 800), and the 
specti'um is displayed on the Sparc (Sun) workstation, via the transputers. The display on 
the Sun shows the spectrum obtained, as well as 4 maps showing the elemental 
distribution of a particular defined element, over the area scanned [Mil94]. Both the maps 
and the spectra were saved to the network. The PIXE data was analysed using PIXAN 
[Cla86], and the maps were viewed using the software package. Unimap.
The Sparc workstation is also used to control the scan (see section 4.1.4), and 
consequently the scanning plates. This is achieved by using the transputers, and an 
interface controller [Mil94]. The scanning plates were supplied with a high voltage of 
+2.2kV.
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Figure 4.18. Schematic of the Electronics for RBS Data Collection.
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Figure 4.19. Schematic of the Electronics for PIXE Data Collection.
108
4.2 Neutron Activation Analysis Equipment.
4.2.1 Irradiation Details.
The samples were irradiated in the CONSORT II reactor based at Imperial College, 
Silwood Park. This reactor is known as a swimming pool type, where the neutrons are 
moderated and cooled using light water. The core consists of 24 fuel rods made fiom 
enriched uranium (80% and is surrounded by concrete and lead to create a
biological shield. It has nine core tubes, which allow samples to be inadiated in and near 
the reactor core, with a maximum thermal neutron flux of '-2.27x1 O^Sm'V^ [Ram93], The 
samples were loaded manually into these tubes, and were irradiated for a full working 
day (i.e. 7 to 8 hours).
The samples and standards to be irradiated were placed in small sealed polyethylene 
containers, which in turn were contained in a larger polyethylene tube. In each tube, a 
length of zirconium wire was placed, in order to calculate the variation in neutron flux 
along the tube. The tube was then lowered into the reactor to a known position using an 
aluminum frame. After the samples had been irradiated, they were brought to the 
University for counting and analysis. Before the counting commenced, the samples were 
placed into clean unirradiated containers, to prevent the detection of elements not present 
in the samples.
4.2.2 Data Collection.
The samples were placed on a carousel and a 40cm^ Ge(Li) detector measured the 
gamma-rays that were emitted. The detector is housed underneath the carousel, and to 
reduce background radiation, the detector is placed within a square of lead bricks.
The signal was fed into an amplifier (Ortec 572), which shapes and amplifies the signal, 
and an analogue to digital converter (model ND575). The spectrum was viewed and 
collected on the Nuclear Data Multichannel Analyser (ND66). The ND66 can also change 
modes between the MCA and a computer terminal, which allows the user to access the 
network, and for the data to be saved to the mainframe. At any one time, twelve samples 
could be placed on the carousel, and spectra were collected for each sample in turn. The
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ND66 was preprogrammed with the number of samples to be analysed, the time to count 
each sample (real or live), and it also controlled the sample changer, and consequently 
the moving of the carousel. After the data had been collected, each spectrum was loaded 
straight onto the mainframe, to be analysed at a later date using SAMPO80. This meant 
that the data collection was fully automated, without the need for much user intervention. 
Figure 4.20 shows a schematic of the equipment used to collect the data.
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Perspex
Ge(Li)
Detector
Bias
Amplifier
Analg 
Digital C
Due to 
Zonvertor
Sample Changer
To 
Network
/ Multi-Channel Analyser/ 
Terminal
Figure 4.20. Schematic of the Electronics for INAA Data Collection.
4.2.3 Absolute Efficiency of the Ge(LI) Detector.
The absolute efficiency of the Ge(Li) detector was calculated, using an *^ E^u source 
which emits 52 gamma-ray energies of which the 15 most prominent were detected. The 
probability of the gama-ray being emitted in the decay and the absolute efficiency for 
each photon detected was calculated and the results are presented in Table 4.3.
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Table 4.3. The Calculated Absolute Efficiency for the Ge(Li).
Energy (kev) Probability per decay Absolute Efficiency (%) 
xlO"
121.8 0.28432 93.0tl.2
244.7 0.074935 78.6^2.2
344.3 0.264880 56.7i0.9
367.8 0.008556 56.4Ï0.8
411.1 0.022144 52.76.9
444.0 0.028114 50.213.1
688.7 0.008373 41.76.2
778.9 0.127410 31.6+1.0
867.4 0.041601 28.5+2.0
964.0 0.144410 27.46.9
1085.8 0.09963 27.0+1.1
1112.1 0.13302 25.410.9
1212.9 0.013805 23.513.4
1299.1 0.016052 22.012.4
1408.0 0.207470 21.910.6
The efficiency of a Ge(Li) detector can be represented by an eight parameter equation, 
which was first suggested by McNelles [McNe73], where only the calculated efficiency 
of a few known gamma-rays is needed:
€=i-^j + a ^ e + a^e + a~,e (4.9)
where e - absolute efficiency
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E - energy of the gamma-ray 
a’s - fitted parameters to the experimental results 
However a good fit can be obtained by dropping the last term, and Knoll suggested 
[Kno89] that if an approximate fit was needed over a limited energy range then the above 
equation could be represented by:
log(e)=alog(E)+b (4.10)
A graph of logg(e) against logg(E) was plotted and the giadient and intercept gave the 
values for a and b, which were -0.665^ 0.033 and 1.005t 0.211 respectively (Figure 
4.21).
- 2.0
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O) -3.5
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8.07.0
Figure 4.21. Graph of the In(Efficiency) against ln(Energy (keV)).
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4.3 Sample Preparation.
4.3.1 Biological Samples.
The samples were prepared so that they were classed as thick for PIXE and RBS. A thick 
sample stops the incident proton beam within the sample, whereas in a thin sample the 
attenuation of the beam is negligible. The advantages of using a thin sample are that 
corrections for x-ray attenuation and cross-sections do not have to be made. Also thin 
samples do not heat-up and gain a chai'ge, however these problems can be significantly 
reduced in thick samples. The main disadvantage of a thin sample is that a backing 
material is required to support the sample and this can introduce contaminants [Cam97]. 
In this work, thick samples were analysed. Folkmann [Fol75] showed that the detection 
limits for PIXE are far better for thick taigets for Z<28, and poorer for Z>28. Most 
elements present in biological systems have Z<28.
The samples were prepaied so that ti ace element contamination was reduced and also that 
biological health and safety standards were upheld. Due to the samples being biological 
and unscreened they had to be handled at containment level 2 [Adv84], Therefore all 
preparation had to take place in a Class II Biological Safety Cabinet. This has an 
advantage as the air is filtered and protects the samples against contamination from dust 
particles. During preparation vinyl gloves, lab coats and overshoes were worn. The gloves 
had been rinsed in deionised water to remove the glove talc which can be a source of 
contamination [Aal87, KoiSl]. The containers, tweezers, spatulas, and trays were made 
from either polyethylene or polystyrene, to reduce contamination from elements leaching 
into the tools [Cam77]. Before the tools were used they were washed in diluted 
Decon90®and rinsed in deionised water, to remove any contaminants.
The samples were collected from Mount Vernon Hospital, North wood, Middlesex and 
arrived at the University between one to four hours after being excised. The time was 
kept to a minimum as it is known that chemical interactions occur after removal and the 
skin would degrade. Iyengar [Iye81] showed that rat liver held at ambient temperature 
degraded at a faster rate than tissue held at -15°C. Therefore the samples were transported 
in a cold box to reduce degradation, and were prepared as quickly as possible.
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The skin before being removed fi'om the donor, had not been prepared in any way and 
was excised using a stainless steel, sterile scalpel. Contaminants from scalpels include 
Cr, Mn, Fe, Co, Ni, Cu and Zn [BehSO], however the section that was used for PIXE 
analysis came fi'om the middle part of the whole sample which had not come into contact 
with the scalpel, thereby eliminating the possibility of analysing the contaminated sample 
edges.
The skin samples were then briefly washed in deionised water to remove any blood, and 
blotted in filter paper following the procedure by Koirtyihann [KoiSl]. Surface blood has 
been shown to alter the concentrations of Fe, Cr, and Rb [Aal87]. The samples were then 
placed in cleaned and pre-weighed petri dishes.
Samples need to be fixed to prevent the loss and redistribution of elements. This was 
achieved by freezing the samples at -15°C for a minimum of 48 hours. Kirby [Kir93] 
showed that fixing a sample using a chemical fixative can introduce elements, cause 
some elements to be lost and redistribute others. Nevertheless, sample freezing must be 
rapid otherwise ice crystals can form which can lead to cell membrane damage, and 
therefore cause the elements to be redistributed [Cha92]. For rapid freezing the sample 
size should be <lmm^ [Kir93], and in this work the size was often larger. However by 
sectioning the skin into smaller sample sizes, elements can be introduced which is not 
desirable.
The samples were then freeze dried (lyophilisation) to remove any free water. If the 
samples are not freeze diied, the water would be removed from the samples if placed in 
a vacuum causing the vacuum to be lost, and this would be the case if the samples were 
placed fresh into the target chamber. The samples were dehydrated at -60°C and 3mbar, 
where the water is removed by sublimation. The weight of the samples was measured at 
régulai- intei-vals, until there was no more weight loss, and the average time to freeze dry 
was four and half days.
Other techniques to prepare samples have been compared to freeze diying such as:
i) alcohol dehydration where the water is replaced with alcohol, and was found
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to cause elements to be volatilised and freeze drying was considered superior [Gal84],
ii) high temperature ashing caused volatile elements to be lost [Gal84],
iii) low temperature ashing caused elements to be volatilised such as P, Cl, Br, 
and Se and caused contamination of biological samples [Mae84].
Kupila-Rantala [Kup93] compared different techniques such as air drying a drop of 
material on foil, on an aluminium cup, lyophilisation of a material on a foil, microtome 
sectioning and a pellet made of lyophilised material for both human blood serum and 
bovine muscle. The best sensitivity was found to be for the sample prepared by 
lyophilisation and pellet pressing.
The skin was not pelletised as it was impossible to grind the freeze-dried material into 
a powder (however the standards were made into pellets). Therefore 5mm diameter 
sections were cut from the skin sample using a stainless steel ’cork borer’. There was a 
worry that this would introduce contaminants, but the cork borer only touched the sides 
of the section to be cut, and the proton beam was scanned in the middle of this section, 
and hence the sample edges were not analysed. For each skin sample obtained, two 
sections were removed so that both the epideriuis and dermis could be analysed.
Twelve skin sections were placed on an aluminium target plate with three standards 
which were IAEA A13 Animal Blood, IAEA Soil-7, and Bowen’s Kale [Mur85]. They 
were held in place using double sided adhesive tape. The tape consists mainly of 
chlorine, however Arshed showed that the chlorine does not leach into the samples 
[Ars91]. Then carbon dag was painted along the sides of the samples, to allow cuiTent 
integration to the plate.
For INAA the samples were prepared in exactly the same way except they were not 
mounted onto a target plate but placed in clean individual polyethylene containers, which 
were held inside a polyethylene tube. A zirconium wire was also placed inside the outer 
polyethyelene tube, next to the sample containers, in order to measure the flux and to 
allow for correction calculations to be made, due to flux variations.
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4.3.2 Silicone Gel Sheeting (SGS) Samples.
The silicone gel sheeting (SGS) was also handled at containment level 2, however the 
samples were not frozen or freeze dried. It was found that after freeze dr ying samples for 
eleven days there was only 1.58% of free water in the SGS. The samples after being 
received were cork bored and placed on an aluminium target plate with two standards - 
IAEA Soil-7, and Bowen’s Kale, held in place with the double sided adhesive tape and 
the edges of the samples painted with carton dag.
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Chapter 5. Silicone Gel Sheeting Results.
5.1 Physical Properties.
5.1.1 Introduction.
Silicone Gel Sheeting (SGS) is a chemically inert transparent flexible gel sheet, which 
has a layer of foam in the centre for strength and durability [Spe94]. It has been found 
to be an effective treatment for hypertrophic scars, and causes the scars to regress much 
quicker than they would naturally. Section 2.4.3.5 showed that the action of the SGS with 
the scar tissue was not due to temperature, pressure, or occlusion, and could be due to 
a chemical effect.
Quinn calculated the water and oxygen transmission rates of the gel. It was found that 
the oxygen transmission rate was 126cnfm'^min'^ [Qui85], and hence the oxygen supply 
to the skin was not restricted by the SGS. The water transmission rate was calculated to 
be 4.5gm%'\ which is apparently half that of normal skin (8.5gm‘^ h‘^ ) [Qui86].
In all the work conducted here, the silicone gel sheeting was provided by Spenco Medical 
Limited. This gel had a chemical formula of [(CH3)2Si20J^, and came in sheets of 
100mm by 100mm. The gel was covered with foam protectors, which are composed of 
the same material that is used within the gel to increase its strength.
It was decided to additionally characterise the SGS. The thermal, and electrical 
conductivities were determined, as well as the photoelasticity, and elasticity. The 
appearance was also examined.
5.1.2 Appearance.
The SGS was examined under a polarising microscope. Both sides of the gel were studied
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Figure 5.1. Photograph of SGS ’gel side-up’.
Figure 5.2. Photograph of SGS ’foam side-up’. '"6 3
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and photographed, and the differences can be seen in their appearances (Figure 5.1 & 
5.2). It was also found that the foam inside the SGS is closer to one side than the other 
and these were termed ’foam side-up’ and ’gel side-up’ respectively. Figure 5.3 shows 
a schematic of the dimensions of the gel. The polarisers on the microscope were put in 
place, it was found that the gel was optically inactive.
GEL SIDE-UP
GEL
FOAM
GEL
FOAM SIDE-UP
2.54mm
2.61mm 
$ 0.50mm
Figure 5.3. Dimensions of the Silicone Gel.
Spenco do not recommend that one side is used in preference to the other, and they state 
that there are no differences in the sides, or the effects that each side may have on a 
patient. However, there is an obvious physical difference, where the ’gel side-up’ has 
more bubbles on its surface than the ’foam side-up’, and this could be due to the 
manufacturing techniques employed. From the photographs it can also be seen that the 
SGS is not a homogenous product.
5.1.3 Conductivities.
The electrical conductivity of the gel was measured by applying 500V to a 100mm x 
20mm strip and measuring the resistance of the gel. The electrical conductivity, K is 
given by:
1K =  — (5.1)
where p is the resistivity and is given by:
RAP — (5 .2 )
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where R - resistance
A - cross sectional area 
1 - length of the sample.
It was found that the resistance was equal to therefore and k~0. This means that 
the SGS is a near perfect insulator.
The thermal conductivity, X was determined by placing the SGS on a hotplate. The 
temperature between the hotplate and SGS was monitored using a copper and constantan 
thermocouple, and the temperature was also measured on the top surface of the SGS. The 
SGS was heated slowly and readings were taken every 5 minutes. The thermal 
conductivity was calculated using:
(5.3)dt dx
where dQ/dt - rate at which heat passes through a small cross-sectional area, A inside 
a body
dT/dx - temperature gradient normal to the area, A in the direction of heat flow.
Also:
Q=I^Rt (5.4)
where I - current
R - resistance, and this gives:
IV=XA—  (5.5);c
where AT - change in temperature 
V - voltage.
The results obtained were plotted for conductivity against temperature difference (Figure
5.4). For sample 2, a large increase in the conductivity at the start of the experiment was 
found. This was due to a small temperature difference at the beginning, which is not due 
to an increase in voltage or current, and was due to the hotplate not cooling down
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sufficiently from the previous experiment. Consequently there were small values for V, 
I and AT, and when used in equation 5.5 a large value for X was calculated.
4.0
Due to a small temperature difference at the start, 
(see text)3.5
_  3.0 
'E 2.5
2.0Z:'
Î3T3Co
Ü
o Sample 1 
* Sample 2
0.5
0.00.0 5.02.0 3.0
Temperature Difference (K)
4.0 6.0
Figure 5.4. Graph of Conductivity Against Temperature Difference.
Figure 5.4 shows that SGS is also a good thermal insulator, as the conductivity is less 
than 0.5Js*^m' I^C  ^ [Kay86]. This is not surprising, as the gel is also an electrical insulator, 
and the Wiedemann-Franz Law states that the ratio of thermal to electrical conductivity 
is a constant.
5.1.4 Elasticity and Photoelasticitv.
100mm X 20mm strips of SGS were stretched using an Instron Table 1026 Tensiometer, 
however only 70mm could be stretched, restricted by the clamps holding the strip (Figure
5,5). Due to the nature of the gel, the SGS broke down around the clamps and testing 
was difficult to carry out, however the foam within the gel held the SGS together. To 
reduce the risk of the SGS slipping from the clamps a slow extension rate of 5mm per 
minute was used.
Figure 5.6 shows that there is a linear extension in load until the gel star ts to break down,
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marked by X on the graph, and this is where the foam which holds the SGS together is 
starting to stretch. The differences seen between the samples are due to the air bubbles 
in the SGS. The air bubbles do not make a continuous uniform network and are not of 
a uniform size; no two strips of SGS are completely alike.
The SGS was then tested to see if it became optically active under stress, and this can 
be shown with polarised light. The SGS was found not to be optically active, and this is 
because the SGS is inhomogeneous, due to the air bubbles within the gel.
15mm
70mm
15mm
Figure 5.5. Schematic of the 
Elasticity Experiment.
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Figure 5.6. Graph of ^ xtension Against Load.
5.2 Ion Beam Analysis Results,
5.2.1 Introduction.
The silicone gel sheeting has been shown to improve HS, however the action of the SGS 
on the scar is not known. A chemical reaction has not been ruled out, and it was decided 
to characterise the trace element composition of unused SGS and gel that had been worn 
by people without any hypertrophic scars as well as patients suffering from HS. These 
were placed into three categories:
i) Unused gel
ii) ’Control’ tiial
iii) ’Clinical’ trial
The unused gel was analysed suaight horn the packet. The people taking part in the 
’control’ trial had no known skin complaints, and they wore the gel for a period of one 
week. The gel was worn near the top of the shoulder, and they followed the same 
procedure that the people involved in the clinical trial used (Appendix A).
It was intended that if there were any significant differences in the results between the 
three groups it could be assumed (hypothesised) that the elements in question were either 
diffusing into the skin, or diffusing out of the gel.
5.2.2 Experimental Details.
The gel used in the clinical trial was sent dkectly to the University in new aluminium 
bags, and foam protectors that were provided by Spenco Medical Limited. The gel was 
then cut into 5mm diameter sections, and was placed on a target plate ready for analysis.
The gel was analysed by PIXE and RBS analyses simultaneously. The samples were 
bombarded by a 2MeV proton beam, which was collimated to 1mm diameter beam spot, 
and raster scanned over a 2mm by 2mm area on the samples. A mylar filter of 63 m 
thickness was used, which filtered out any low atomic K x-rays from C, N, and O. The 
SGS mainly consisted of H, C, O, and Si, and therefore spectra would mainly be 
dominated by the x-ray peaks from the last three elements, causing high deadtimes if not
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suppressed. The filter also reduced the x-ray peak due to Si, enabling other elements to 
be detected. A beam of 3nA cunent was used and a charge of approximately was 
collected.
5.2.3 Matrix Composition.
The matrix composition was determined by the RBS results, which was needed to 
determine the trace element composition of the SGS, when using PIXAN. Table 5.1 gives 
the matrix composition determined for all three groups. It was found that there were 
significant differences between the groups for all elements except oxygen when 
comparing the unused and control gel. The p-values are given in Table 5.2.
Table 5,1, Matrix Composition for SGS (± standard deviation) Determined by RBS.
wt % Clinical Gel 
(n=ll)
Control SGS 
(n=13)
Unused SGS 
(n=ll)
C 50.6±1.1 52.4±1.1 60.8±1.1
O 29.3±0.8 29.6±0.5 24.2±0.6
Si 20.1±1.8 18.0±0.7 15.010.7
Table 5.2. Significant Differences Between Each Group Using the Two-Sample T-test.
p-value Unused compared 
to Control
Unused compared 
to Clinical
Control compared 
to Clinical
C < 0.001 < 0.001 < 0.001
O NS < 0.001 < 0.001
Si < 0.001 < 0.001 < 0.001
From the matrix composition the range that the 2MeV protons can travel in the SGS was
129
determined as and was calculated using the mean value from Table 5.1.
5.2.4 Unused Gel Results.
The unused gel was prepared straight from unopened packets. A total of 11 pieces of 
unused SGS was analysed and the PIXE results are given in Table 5.3, and the minimum 
detection limits aie given in bold type.
Table 5.3. Elemental Concentrations for the Unused Gel (^/g) Determined by PIXE.
/Kg/g Si S Cl K Ca Fe Zn Ag Sn Cd
1 5.65E5 290 750 77 76 4.0 1.0 1.35 0.004 0.025
2 5.50E5 20 300 32 98 13 3.7 0.73 0.01 0.03
3 5.25E5 23 270 35 39 6.9 4.0 0.67 0.004 0.025
4 6.45E5 22 290 51 280 51 6.1 0.74 0.01 0.03
5 8.35E5 27 360 20 11 18 10 0.13 0.005 0.028
6 5.55E5 23 230 16 8.5 8.1 7.9 0.39 0.004 0.024
7 6.75E5 24 450 23 52 13 7.7 1.08 0.01 0.025
8 5.25E5 21 330 87 230 25 3.4 0.23 0.01 0.07
9 5.60E5 24 550 32 33 14 15 0.36 0.009 0.054
10 5.20E5 20 280 28 200 8.3 5.1 0.18 0.01 0.08
11 5.05E5 19 90 10 42 4.8 3.8 0.24 0.006 0.037
Ave
i s D
5.87E5
Î0.98E5
290 350
Ï175
46
Î24
120
^95
20
±15
11
±6.6
0.83
±0.34
0.01 0.05
±0.03
GM
x^SD
5.81E5
xAL2
290 314
x/rl.7
44
xAl.6
86
x/i2.3
17
x /t1 .8
9.7
x/91.9
0.77
x/t1.5
0.01 0.05
x/fl.7
SD - Standard Deviation
GM - Geometric Mean and Standard Deviation
In all the samples Si and Cl were determined. In the majority of the samples K (n=8),
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Ca (n=9), Fe (n=7), and Ag (n=6) were also measured. The chemical composition of the 
gel is [(CHajgSigOgjn,, however since the project began it has been disclosed [Spe96] that 
in the preparation of the gel, a small amount of calcium carbonate is added to the 
uncured resin (hydroxy-terminated polydimethylsiloxanes) to neutralise any hydrogen 
chloride that can be foimed in the process. This explains the origin of the Cl and Ca, 
however Spenco did not know where the other elements could originate from. Hence the 
other elements could be in the raw materials that Spenco use, which are provided by 
other companies [Spe94].
Sulphur should not be present in the gel because it is an inhibitor of both the 
polymerisation and cross-linking reactions that are used to manufacture the gel and any 
quantities should be minuscule. In only one sample sulphur was discovered which 
suggests that this value could be due to contamination of the sample when it was being 
prepared.
The elements were found not to be correlated with one another except Ca with Fe 
(p<0.1), and Ag with Cl (p<0.01). This implies that none of the elements have an 
associated chemistry with each other in the gel, except Ca with Fe, and Ag with Cl. 
However the correlation between tin and other elements could not be calculated as the 
values for tin were all the same, also where there were only 3 samples or less that had 
the same two elements then the correlation could not be determined.
5.2.5 Results for the Contaminants.
People involved in the clinical or control trial used Transpore tape to hold the gel in 
position. Aqueous Cream to massage the scar (or area the gel was worn on), and Johnson 
& Johnson Baby Soap to wash with. These were termed the contaminants, because they 
are applied to the skin and could influence the trace element composition of the SGS and 
the skin. However the tape that is used is only applied to the edges of the gel, and does 
not touch the scarred area, and consequently the area of the gel that is analysed. The 
results obtained are shown in Table 5.4. (Tape Down refers to the glue side being placed 
against the aluminium plate.) The minimum detection limits are given in bold type.
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The differences that aie seen between the composition of either side of the tape are 
probably due to the adhesive that is used on one side of the tape. The glue side (Tape 
Up) was found to have more Si, S, Cl, K, and Ca than the side with no glue, and the glue 
side was the part that came into contact with the skin. There were found to be significant 
differences between the ’tape down’ and ’tape up’ samples for Si (p<0.001), P (p<0.02), 
S (p<0.001). Cl (p<0.01) and K (p<0.001).
Table 5.4. Trace Elemental Composition j^ g )  of the Contaminants by PIXE.
/^g/g Soap
(n=3)
Tape Down 
(n=3)
Tape Up 
(n=3)
Aqueous 
Cream (n=3)
Si 3540P600 1640+100 3970+240 1150 (n=l)
P 190119 190+6 80344 96+61
S 32Qtl3 270+7 1340t91 7570*61
Cl 50085 180n2 380t64 120+36
K 42±3 12+5 250318 6.6 (n=l)
Ca 33t3 3.9 (n=l) 7413 5.6
Fe 3.830.8 5.4 (n=l) 3.2±0.3 8.1
Zn 3.5 17 (n=l) 8.9 (n=l) 24
Mil 0.80 (n=l) 0.33 0.17 (n=l) 0.88
Ag 6.010.9 6.5+1.0 0.14 3.2
5.2.6 ’ControP Trial Results.
The ’control’ trial consisted of twenty subjects without any hypertrophic scars, who wore 
the gel for one week, following the procedure set down in Appendix A. The subjects, 
were given Transpore tape. Aqueous Cream, and Johnson & Johnson Baby Soap. After 
a week the SGS was given back and prepared for analysis. The SGS was worn on the
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upper arm just below the shoulder, for the convenience of the subject, and was worn for 
an average of 9 hours per day (or night).
The subjects included 6 females and 14 males. The age ranged from 57 to 19 years with 
an average 3P11 years. There were three subjects of asian origin, one negro and 16 
Caucasians. A few subjects had problems in weaiing the gel ranging from the tape 
causing a small reaction, the gel fraying, and the gel causing the skin to either become 
itchy or dry, however everyone did complete the trial.
The results obtained are given in Table 5.5, In all the samples Si, Cl, K, C, Fe were 
detected, and in the majority S (n=19), Zn (n=18), Ag (11) and Sn (n=9) were also found. 
In a few samples Mn (n=6), and Cd (n=5) were detected. Smoking cigarettes can be a 
source of cadmium [Und77], however the SGS that contained cadmium came from 
subjects who were known to be non-smokers.
5.2.6.1 Differences Between the Unused and Control SGS.
The main difference that can be seen between the unused and control gel is that sulphur 
is present in the control gel and is only found in one sample in the unused gel. This is 
clearly significant, however the p-value could not be calculated with the unused gel as 
there was only one sample which contained sulphur, and therefore a standard deviation 
of zero. The sulphur could originate from the contaminants, especially the aqueous cream 
which is massaged into the skin. The concentration of sulphur in the cream is 757(^ Mg/g, 
and this is clearly larger than the sulphur concentrations measured in the control SGS.
The other elements between the two groups were compared using the two-sample t-test, 
using the geometric means (and not the arithmetic). This was because the standard 
deviations of the each group were large due to the variation in values, and the geometric 
mean allows skewed distributions to be compared [Kir88]. It was found that there were 
only significant differences between the unused and the control gel for the elements Cl 
(p<0.05), K (p<0.01), and Ca (p<0.01), where the concentrations for all these elements 
was greater in the control gel, and this was also true for all the other elements. The 
increase in these elements, could be due to a cumulative effect in concentration from the
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contaminants on the skin, however the tape (both sides) did not come into contact with 
the area of the SGS analysed, so the conttibution must only be from the soap and 
aqueous cream.
S.2.6.2 Correlation Coefficients.
The elements were checked for correlation with each other, but where there were less 
than 3 samples with both elements present the correlation coefficient could not be 
calculated. The p-values for the correlation coefficients were determined and the results 
are given in Table 5.6.
Table 5.6. The P-Values for the Correlation of Elements for the SGS Used in the
’Control’ Trial.
Si S Cl K Ca Fe Zn Ag Sn Cd
s p<0.1 - - - - - - - - -
Cl NS NS - - - - - - - -
K NS NS p<0.1 - - - - - - -
Ca NS p<0.05 NS p<0.01 - - - - - -
Fe p<0.05 NS NS p<0.01 p<0.01 - - - - -
Zn NS p<0.02 p<0.1 NS p<0.05 NS - - - -
Ag NS NS NS NS NS NS NS - - -
Sn NS NS NS NS p<0.02 NS p<0.01 NS - -
Cd NS NS NS NS NS NS NS NS NS -
Mn p<0.1 NS p<0.02 NS NS NS p<0.1 NS n=3 n=0
NS - Not Significant (p>0.1)
Unlike the unused gel, the elements in the control gel seem to be more closely correlated 
with one another, however Ag with Cl is not significant here whereas it was with the 
unused gel. The reasons for the changes are either that:
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i) the gel has changed its chemical composition by diffusing elements into the 
skin of the control subjects
ii) the gel has absorbed elements from the skin and the aqueous cream and soap, 
and this has caused the change in the gel.tIt seems more likely that it is the lÿer explanation as the concentrations of all the 
elements in the control gel are greater than in the unused gel.
5.2.7 Clinical Trial Results.
The clinical trial consisted of nine patients (2 men and 7 women) who had hypertrophic 
scars. At the beginning of the trial it was going to be limited to patients who developed 
the scars from burn wounds only, however as this reduced the number of subjects who 
could be included in the trial, it was decided that the trial would be open to subjects who 
developed HS from other injuries as well. Table 5.7 gives the patient details of the 
subjects enrolled in the trial. The patient ages ranged from 12 to 65 years with a mean 
of 36 years.
The trial had two main aims, which were to show the effective action that the SGS had 
on HS, as well as analysing the SGS from the subjects to see if there was any difference 
in the trace element composition of the SGS with time. There were two main problems 
with the trial and these were compliance, which will be dealt with later, and subject 
numbers. The number of patients who have burn injmies which develop into HS is small, 
therefore there are a limited amount of people who could take part in the trial. Of these 
the suitability of the patients is a major issue, and this refers to them being able to 
understand and follow a protocol.
5.2.7.1 Compliance.
The main problem with the trial was compliance. The two men failed to comply with the 
protocol after a month and were therefore withdrawn, however before ER left the study 
he had sent in seven samples that were analysed. The compliance of the seven women 
varied and depended on the personality, social status, intelligence, and temperament of 
each one. However DZ only provided 6 samples, and this was believed to be due to a 
language barrier, and family problems. The occupational therapist meet with patients
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every month and this provided the patient with extra support and advice which seemed 
to help theii" psychological status. With major scarring the patient is not only physically 
disfigured, but the sc airing has a great beaiing on their psychological well being, and 
hence compliance.
BL was found to be very distressed by the initial trauma, and scarring that followed, and 
consequently needed counselling. BL also found that the monthly meetings provided the 
extra support and advice that was needed. DZ was refened to a pain consultant due to 
excessive itching, however this was also due to stress by exposure of the scar to fellow 
pupils at a new school, and the resultant bullying. PW was found to be suffering from 
post-tiaumatic stiess disorder, but benefited from the monthly meetings. KS was 
distressed by the scarring, however complied with the protocol well. AP was very upset 
by the scarring and demanded a lot of advice and counselling, however since the SGS 
treatment began the scars became flatter, and this helped her become more realistic about 
the scarring. SO was very compliant, but still needed reassurance and advice. VW 
followed the protocol well, and was extremely happy with the SGS treatment. VW had 
previously been treated with steroids and found the SGS much less painful, and the scar* 
was improving.
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Figure 5.7a. Photograph of BL Scars after 4 Months of SGS Treatment.
Figure 5.7b. Photograph of BL Scars after 17 Months of SGS Treatment.
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Figure 5.8a. Photograph of DZ Scars after 2 Months of SGS Treatment.
Figure 5.8b. Photograph of DZ Scars after 15 Months of SGS Treatment.
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5.2.7.2 Effectiveness of the SGS.
None of the patients suffered any problems associated with the gel and it was worn for 
an average of 8 hours a day. All the patients saw some benefit from the SGS, and this 
was confirmed by the occupational therapist [Lev97]. BL had a veiy good result, where 
the scars were much flatter and less red, and this was the similar case for all the other 
patients. VW was suffering from a paiticularly painful HS and found that the SGS 
provided some relief from the pain.
Figure 5.7a shows the scars obtained by BL in April 1995, four months after the 
treatment first stalled. Figure 5.7b shows the same scars in May 1996, and it can be seen 
that there is considerable improvement. Figure 5.8a shows the scars of DZ in February 
1995, two months after the treatment started, and Figure 5.8b shows the scars 13 months 
on. For both cases, BL and DZ, it can be seen that the scars are flatter and less red.
From the reports by the occupational therapist, and the photographic evidence taken of 
the scars, it can be seen that the SGS has a beneficial effect on the hypertrophic scars. 
The scars become flatter and less red over a period of one year (Figures 5.7 and 5.8), 
compared to 30 or more yeai's if they had no treatment at all. The patients had no side 
effects caused by the SGS, and in one case the SGS helped reduce the distress caused 
by a painful scar.
5.2.7.3 FIXE Results.
The samples were analysed using PIXE, and in all the samples for all the patients the 
elements Si, and Ca were detected, and in the majority of samples S, Cl, K, Fe and Zn 
were found. In some cases P, Mn, Sn, Ag, and Cd were also detected. Table 5.8 shows 
the arithmetic mean (AM) and the geometric mean (GM), for each element detected, for 
each patient. In the cases where the element was not detected in all the samples, then the 
number of samples where the element was present is given. In some cases for a particular 
subject, a particular element has not been detected in any of the samples and therefore 
the minimum detection limit is given, in bold type.
An initial examination of the results shows that phosphorous has been detected in a few
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samples, whereas it was not detected at all in the unused gel, and only three times in the 
conti’ol gel Another observation is that sulphur has been found and is less abundant in 
the clinical compared to the control gel, and was not detected in the unused gel, except 
once. These findings will be examined at a further stage.
5.2.7.4 Time Dependency.
Each piece of gel that was received, the date that it was worn was recorded. Hence a 
graph for each element against time could be plotted, to see if there was any time 
dependency of any of the elements. Figure 5.9a-f shows the scatter plots obtained for AP, 
BL, KS, PW, SG and VW for each major element detected. In the case where the 
particulai' element was not detected in a pai'ticulai' sample the minimum detection limit 
has been plotted instead and this is indicated by a M over the point on the graph. 
Inspecting the scatter plots show that when the subjects aie compared at the same time 
there is no correlation with time for a particulai* element i.e in week seven sulphur 
reaches its maximum concentiation for BL (Figure 5.9b), but this does not happen to PW 
(Figui'e 5.9d) until week thirteen. However, when compaiing the elements with each other 
for an individual it can be seen that certain peaks and houghs do occur at the same time, 
for example the elements Zn, Fe, Ca, P all have peaks at the same time (week 12) and 
for S, Cl and K in week 10, both for BL (Figure 5.9b). Similar occunences for other 
subjects were seen.
This shows that the elements have a correlation with each other, where some of the 
elements peak at the same time. It can be seen that when a particulai' element does reach 
its maximum it is at a different time for each subject. It also shows that the action of the 
gel is not time dependent when different subjects are compared.
5.2.7.5 Correlation Coefficients.
The elements were checked for correlation, but where there were less than 3 samples 
with both elements present the correlation coefficient could not be calculated. The p- 
values for the correlation coefficients were determined and the results are given in Table 
5.9. The coiTelation for phosphorous was not calculated because in most cases there were 
3 or less samples.
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Figure 5.9a. Scatter Plot for the Subject AP.
M=Minimum Detection Limit.
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Figure 5.9b. Scatter Plot for the Subject BL.
M=Minimum Detection Limit.
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Figure 5.9c. Scatter Plot for the Subject KS. 
M-Minimum Detection Limit.
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Figure 5.9d. Scatter Plot for the Subject PW.
M=Minimiim Detection Limit.
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Figure 5.9f. Scatter Plot for the Subject VW.
M=Minimum Detection Limit.
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Table 5.9. The P-Values for the Correlation of Elements for the SGS Used in the
Clinical Trial.
Si S Cl K Ca Fe
s p<0.05 (AP) 
p<0.02 (VW)
- - - - -
Cl NS p<0.01 (BL) 
p<0.1 (ER) 
p< 0.01 (DZ) 
p<0.01 (SG) 
p<0.01(VW)
K p<0.05 (DZ) p<0.001 (BL) 
p<0.1 (ER) 
p<0.1 (SG)
p<0.01 (BL) 
p<0.02 (ER) 
p<0.001 (KS) 
p<0.01 (AP) 
p<0.001 (SG)
Ca NS p<0.01 (ER) p<0.01 (BL) 
p<0.01 (KS)
p<0.001 (KS) - -
Fe NS NS p<0.01 (KS) p<0.001 (KS) 
p<0.1 (AP)
p<0.05 (PW) 
p<0.02 (DZ) 
p<0.01 (KS)
Zn NS p<0.1 (ER) p<0.001 (KS) 
p<0.05 (AP)
p<0.001 (KS) 
p<0.01 (AP)
p<0.1 (ER) 
p<0.01 (KS)
p<0.1 (BL) 
p<0.1 (ER) 
p<0.001 (KS) 
p<0.01 (AP)
Ag NS p<0.01 (KS) 
p<0.1 (DZ)
p<0.05 (DZ) NS NS p<0.1 (BL)
Sn NS NS p<0.1 (ER) NS NS NS
Cd NS p<0.1 (BL) p<0.02 (ER) p<0.01 (BL) 
p<0.1 (PW) 
p<0.01 (ER)
NS NS
Mn NS p<0.05 (AP) p<0.05 (AP) p<0.1 (AP) NS NS
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Table 5.9 continued. The P-Values for the Correlation of Elements for the SGS Used
in the Clinical Trial.
Zn Ag Sn Cd
Ag NS - - -
Sn NS NS - -
Cd NS NS p<0.1 (ER) -
Mn NS NS NS NS
NS - Not Significant (p>0.1)
It can be seen from the tables that the elements are more closely correlated with one 
another compared to the conti'ol, and unused gel. All the coiTelations that existed for the 
control and unused gel, except Sn with both Zn and Ca, exist also for the gel used in the 
clinical trial.
It is interesting to note that for each patient, the correlations between elements differ. For 
Cl with both S and K, five of the subjects had significant correlations however the other 
three did not (including ER). In other cases there is only one patient that had a significant 
difference. This can not be due to the gel interacting with the contaminants (tape, soap 
and aqueous cream) or other skin care products, as all the patients had to follow the same 
protocol, and therefore no other skin products were used on the scarred areas. 
Consequently these differences in the correlations must be due to some interaction 
between the gel and the scarred area.
S.2.7.6 Differences Between the Unused and Clinical SGS.
The main difference that can be seen between the two groups of SGS is that again 
sulphur is only present in one sample of the unused gel, but contained in the majority of 
the clinical SGS samples. Sulphur is present in the keratinous pai't of skin tissues 
[NobSl], therefore this increase in sulphur could be attiibuted to dry skin cells present 
on the SGS, however the SGS was washed every day in accordance with the protocol.
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The elements present in both groups (unused and clinical) were compared using the two-
sample t-test. The geometric means were employed for the same reasons as stated earlier,
and Table 5.10 gives the p-values obtained. For tin, the groups could not be compared,
as all the values for the unused gel were the same, and therefore there was no standard
deviation. For phosphorous, the groups were not compared as it was only detected oncebin the unused gel, this was also the case for sulphur, v(ere it was only detected in one 
sample.
Table 5.10. The P-Values Obtained After Comparing the Unused and Clinical SGS.
Unused 
compared to:
BL PW KS AP SG VW ER DZ
Si p<0.02 NS p<0.01 NS NS NS NS p<0.02
Cl p<0.02 NS p<0.001 NS p<0.1 NS NS NS
K NS NS NS NS p<0.01 NS p<0.05 p<0.02
Ca NS NS NS p<0.1 NS NS p<0.05 NS
Fe NS NS NS NS p<0.05 NS p<0.1 p<0.05
Zn NS NS NS NS NS NS NS NS
Ag p<0.01 NS p<0.01 n=0 n=l n=0 n=0 p<0.001
Cd NS NS NS NS NS NS NS p<0.1
NS - Not Significant (p>0.1)
Looking at the table it can be seen that for the subject PW there ate no significant 
difference for any of the elements, this suggests that she might not have followed the 
protocol precisely.
For the element Zn there are no significant differences between the two groups, although 
for silver (for all the subjects where n>l, and not including PW) there is a significant 
difference. It is surprising that there are no significant differences for the element Zn as 
it is well documented that Zn is involved in the process of wound healing [Und77].
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However it must be stated that the wound has healed at this point in order for the scar 
to have formed, and therefore the Zn may not be implicated further in the receding of the 
scar. For the other elements, there are significant differences but these vaiy from subject 
to subject, which again suggests that these differences are not due to the contaminants 
but due to some interaction between the SGS and the scarred area. When comparing the 
mean silicon concentrations it is found that they are lower in the unused gel, than the 
clinical trial. This is also true for Cl, K, Ca, Fe, Zn Ag, Cd, and Sn. Therefore the 
increase in these elements, must be due to the gel absorbing these elements from the skin.
5.2.7.7 Difference Between the Control and Clinical SGS.
It can be seen that the silicon concentrations in the clinical gel, for all the patients, are 
greater than in tlie control gel, even if there are not always significant differences (Table 
5.11). The reverse is true for the elements Ca, Fe, S (not including BL) and K (not 
including BL), however there are no significant differences for Fe.
For each person taking part in the clinical trial, there is a significant decrease in sulphur 
compared to the control gel (except BL). At first it was assumed that the sulphur 
increase, compared to unused gel, was due to the contaminants, especially aqueous cream, 
however if this was the situation then the sulphur concentrations for the clinical and 
control gel should be the same, and it was found that the concentration for the control 
SGS was higher than for the clinical SGS. In theory, the subjects who have the scars aie 
more likely to put more aqueous cream on the scaired area, in order to obtain any extra 
beneficial effect that the cream might have, whereas those taking part in the contiol trial 
would put less on as it is having no effect on their well-being. This leads to two 
assumptions:
i) Sulphur is contained in some creams that are used to tieat skin disorders 
[Col93], therefore the sulphur that is present in the human body could be dhected at the 
scar in order to help it regress, but this would not explain the difference between the 
control and clinical SGS.
ii) The sulphur was due to contamination by the aqueous cream, where the normal 
skin absorbs more sulphur compaied to HS tissue.
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Table 5.11. The p-Values Obtained After Comparing the Control and Clinical SGS.
Control 
compared to:
BL PW KS AP SG VW ER DZ
Si p<0.05 NS p<0.02 NS NS NS NS p<0.01
S NS p<0.02 p<0.001 p<0.05 p<0.001 p<0.02 p<0.02 p<0.01
Cl NS NS p<0.05 p<0.05 NS NS p<0.1 NS
K NS p<0.001 p<0.01 p<0.01 NS NS NS NS
Ca NS p<0.05 p<0.1 NS p<0.01 NS NS NS
Fe NS NS NS NS NS NS NS NS
Zn NS NS p<0.1 NS NS NS NS NS
Ag p<0.1 n=0 NS n=0 n=l n=0 n=0 NS
Cd p<0.05 NS NS NS p<0.1 p<0.02 p<0.02 p<0.01
Sn p<0.1 p<0.05 NS NS NS NS NS NS
Mn NS NS p<0.02 NS NS NS NS n=l
NS - Not Significant (p>0.1)
Silicon is the main minor element that is found in collagen [Ben? 8], and experiments 
indicate that each protein a-chain in the collagen molecule will have 3-6 atoms of Si 
[Und77]. It is also known that the hypertrophic scar consists of overabundant collagen 
[Dat90]. The silicon concentrations are much greater in the clinical gel 
(AM=6.62E5±0.40E5) compared to both the unused (AM=5.87E5±0.98E5), and the 
control gel (AM=6.09E5±0.77E5), which shows that the increase in silicon is greater 
when the SGS is placed on HS than normal skin. This suggests that the SGS absorbs 
silicon from the scar tissue, and hence the collagen, which results in a reduced amount 
of silicon in the scar. The removal of silicon could be causing the collagen molecules to 
be breaking down, and hence the collagen content is being reduced, causing the scar to 
regress.
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The iron concenfrations for the contiol and clinical tiial were not different, although in 
both cases the iron content was greater than in the unused gel, by about a factor of two. 
The increase in iron could be due to the contaminants and was measured in the soap as 
3,8^.§Mg/g. The iron from the soap maybe accumulating in the skin, however that would 
mean that over a week the individual was using over 4g of soap a week, therefore this 
increase suggests that the gel is absorbing elements from the skin.
These results indicate that the SGS does have a chemical effect on the hypertrophic scai*, 
but instead of elements diffusing into the tissue from the gel, the opposite is happening 
with the SGS absorbing elements from the skin. The increase in Si in the gel suggests 
that the Si is being absorbed from the collagen molecule causing it to break down, 
resulting in the scar regressing.
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5.3 Conclusions.
The SGS is a flexible gel sheet, which has a layer of foam in the centre of the matrix to 
increase its strength and durability. It has a chemical formula of [(CH3)2Si2)3ln and was 
provided by Spenco Medical Limited. The physical properties of the gel were determined 
and its appearance characterised. It was found to be an inhomogeneous product, and 
different sides of the same piece of gel had completely different appearances, it was also 
optically inactive. The gel was found to be a near perfect thermal and electrical insulator. 
The SGS was stretched and had elastic properties until the gel started to break down, and 
the foam layer was stretching.
The bulk matrix of the SGS was deteimined, using RBS, and consisted of C, O and Si. 
It was found that there were highly significant differences between the unused, control 
and clhiical gel for all the elements, except oxygen when compaiing the unused with 
control SGS.
The minor and trace elemental composition of unused gel was determined using PIXE, 
and the elements Si, Cl, K, Ca and Fe were found in the majority of the samples. Other 
elements detected were Zn, Ag, Sn and Cd. In one sample sulphur was detected but this 
was believed to be due to contamination. Only Ca with Fe, and Ag with Cl were 
correlated with one another, which suggested that the other elements did not have an 
associated chemistry.
The skin care products (Transpore Tape, Johnson & Johnson Baby Soap, and Aqueous 
Cream) used in the trials, termed the contaminants, were also analysed and in all the 
samples Si, P, S, and Cl were detected. In a majority of the samples Ca and Fe were 
found, and in a few samples Zn, Mn and Ag were detected.
The gel was worn for a week by twenty subjects that did not have hypertrophic scars. 
They followed the protocol that patients suffering with HS used, and the gel was 
analysed. The same elements that were detected in the unused gel were also found in the 
control gel, however P and Mn were also detected in a few samples. Sulphur was 
detected in all the samples, and was believed to be due to the aqueous cream rubbed into
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the skin. When the control and unused gel was compared there were only significant 
differences for Cl, K, and Ca, and for all the elements the concentrations were greater 
in the control gel than the unused gel.
The elements present in the control gel were checked for coiTelation, and there were no 
correlations for Ag and Cd, but other elements did have at least two correlations. The 
elements were more closely correlated with each other compared to the unused gel, and 
this was believed to be due to the gel absorbing elements from the skin that were 
correlated with each other.
The clinical trial consisted of nine patients who suffered HS. The main problem with the 
trial was compliance, and two subjects dropped out of the trial after a month as they 
failed to comply with the protocol. The compliance of the subjects varied and depended 
on their personality, social status, temperament and intelligence. From photographic 
evidence it was seen that the SGS does improve the appearance of the scar, with one 
patient saying it reduced the pain that was associated with her particular scar. Therefore 
the SGS is an effective treatment in reducing the size of hypertrophic scars.
The PIXE results for the clinical SGS showed that the elements Si, S, Cl, K, Ca, Fe, and 
Zn were present in the majority of the samples. P, Mn, Sn, Ag and Cd were also 
detected. Scatter plots were obtained for the major elements present in the gel, and it was 
found that when patients were compared for a particular element that maximum 
concentrations were not at the same time, however it was seen that several elements did 
peak at the same time for a particular individual. The elemental concentrations are time 
dependent, but the time dependency varies for each subject.
The elements were checked for correlation, for each patient. Most of the subjects had 
significant correlations for Cl with S and K, but the correlations between elements varied, 
for different subjects. This could not be due to the gel interacting with elements from the 
contaminants as all the subjects had to follow the same protocol. It should also not be 
due to the patients using different skin care products because this was not allowed.
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The differences between the unused and clinical gel were that sulphur was present in all 
the clinical SGS samples, whereas only once in the unused gel. For zinc there were no 
significant differences between the two groups, and this was unexpected as Zn is 
involved in the process of wound healing. However it must be stated that the wound has 
healed at this point in order for the scar to have formed, and therefore the Zn may not 
be implicated further in the receding of the scar. For the other elements the significant 
differences vary between subjects, which suggests that these differences are not due to 
the contaminants, but due to an interaction between the SGS and scai* tissue. The increase 
in the elements in the clinical SGS suggests that they are being absorbed from the skin.
The clinical gel was compared to the control gel, and again the significance for each 
element varied between subjects. The iron concentiations for both the clinical and control 
gel were almost the same, and greater than in the unused gel. The increase could be due 
to the contaminants, especially from soap (3.8i^ 0.^ f<g/g) where the iron is accumulating 
in the skin. However if this is not the case then it is hypothesised that the gel is 
absorbing elements from the skin. In all cases silicon was greater in the clinical gel than 
the control gel, whereas it was reduced for Ca, Fe, S (except BL) and K (except BL). 
The increase in silicon was suggested to be due to the gel absorbing silicon from the 
collagen present in the HS, causing the collagen molecules to break down, and the scar 
to regress. The sulphur concentrations were believed to be due to the aqueous cream, but 
if this were true, then the results for the conuol and clinical gel should be equivalent, 
unless scar tissue absorbs less aqueous cream than normal skin.
This chapter demonstrates, that the SGS is a viable treatment for hypertrophic scars. The 
silicone gel sheeting causes the scars to regress much quicker than if no treatment was 
being used, and shows that there is a chemical interaction occurring between the SGS and 
the scar. It has been shown that the silicone gel sheeting is absorbing elements from the 
skin, and this has been suggested that this causes the collagen molecules to breakdown 
resulting in the scar’s improved appearance.
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Chapter 6. Skin and Scar Tissue Results.
6.1 Introduction.
The work described here determines the differences in trace element composition between 
the epidermis and dermis of normal skin, in order to be able to compare with the 
epidemiis and dermis of hypertrophic scar (HS). Both normal skin and hypertrophic scar 
tissue were analysed using PIXE, RBS and some samples were analysed using INAA 
enabling tiace element concentrations of normal and scarred skin to be determined. The 
epideimis and dermis were also characterised by their elemental composition and 
compared. However the epidermis and dermis could only be analysed separately when 
using PIXE and RBS, whereas for INAA a whole section of skin was irradiated.
Four types of skin were analysed; full thickness (FT) breast, abdomen, and hypertrophic 
scar, and split skin. The full thickness breast and abdomen samples were haivested from 
patients having the skin removed as part of a cosmetic operation. Full thickness skin 
consists of both the epidermis and dermis. The split skin was taken from patients who 
had sustained burn injuries and split skin is removed so that it can be used ^ s part of a 
graft. Split skin consists mainly of the epidermis, with patches of dermis, \yfere the skin 
has been removed so as to cut across the epidermal junction. The breast and abdomen 
skin were known collectively as ’normal' skin. The main problem encountered was the 
lack of hypertrophic samples that were collected. As mentioned in Chapter 2, HS have 
a 55% chance of reoccurring after surgery [Roc89], and therefore they are not often 
excised. Consequently, the scars that were removed were small because there was less 
chance that they would return.
In vitro experiments were carried out, which involved placing silicone gel sheeting on 
collected skin samples for various lengths of time. In vivo experiments were also 
performed where the SGS was placed on the epidermis of an area to be removed the
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night before a routine cosmetic operation.
6,2 Sampling Factors.
Sampling Factors are used to describe the amount of material that must be analysed that 
will be representative of the whole sample. Biological samples are never truly 
homogenous (even when powdered) because the samples will contain many different cell 
types, and even the cells are inhomogeneous due to their structure. For PIXE analysis 
only a small volume of a sample is investigated, and the mass that is analysed depends 
on the beam energy, beam diameter, and the matrix composition. Consequently sampling 
factors can be used to calculate the mass of a sample that must be analysed to give the 
required subsampling en'or.
Sampling constants were first proposed by Ingamells [Ing73] for use in analysing 
geochemical samples, and were later applied to biological samples [Hey84]. However 
Spyrou renamed the sampling constant the sampling factor, because the value is not a 
constant as it varies in magnitude between elements [SpySS, Spy90].
The sampling factor is described as the mass required to reduce the error from 
subsampling to 1% in a single run, K^ , and is given as:
K^=R^M (6.1)
where R - relative standard deviation (%) 
m - mass of replicate subsamples.
Kj is determined by calculating the area of the full energy photopeak of the element 
of interest, x^ , after n replicate detenninations made under identical experimental 
conditions, and is given as:
10*t n ^  -2^  (6.2)
1 —2 '  u i:2 ( « - ! )
where x - mean photopeak area
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- standard deviation on the individual determination which is given by:
(6.3)
The sampling factor was determined for Bowen’s Kale, and both the epidermis and 
dermis of a normal skin sample. Using a 2MeV proton beam, and the 1mm aperture 
(0.2mm diameter beam spot), five replicate subsamples were analysed and the and K5 
values calculated (Table 6.1). The K5 values are defined as the mass of material which 
must be analysed to reduce the subsampling errors to 5%. The mass of sample that was 
probed was typically 2 . ^  of dry material. The amount of the sample that can be probed 
can only be altered by changing the beam diameter, therefore it is more convenient to 
quote the sampling factor in terms of the number of spots for a given beam diameter 
rather than the mass. When data is collected normally, the beam is scanned over an area 
of about 2mm by 2mm. This is equivalent to -127 spots, and the mass probed is ~33()Lg.
Table 6.1. Sampling Factor in Number of Spots (0.2mm Diameter Beam Spot).
Element Bowen’s Kale Epidermis Dermis
K5 K5 Ki K5
Si - - 2662 107 465 18
P 110 4 183 7 1498 60
S 41 2 197 8 53 2
Cl 30 1 177 7 36 1
K 27 1 56 2 26 1
Ca 21 1 260 10 1337 53
Mn 56 2 - - -
Fe 29 1 1227 49 251 10
Zn 582 23 589 24 1260 50
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From the above table it can be seen by scanning the beam over the sample, for all the 
elements considered the K5 values are satisfied, and for some elements the values are 
met.
6.3 Accuracy of Results.
To test the accuracy of both PIXE and INAA, IAEA Animal Blood [Mur85] was 
analysed, and the concentrations determined using Bowen’s Kale as the reference 
material. The results and the certified concentrations are given in Table 6.2. From the 
table it can be seen that the concentrations determined compare well with the certified 
concentrations, within the standard deviations, for all the elements except Fe (INAA) and 
Zn (PIXE). The poor agreement for zinc may be explained by the high sampling factor 
determined for zinc in Bowen’s Kale. However for the other elements, both techniques 
will provide accurate results, and the results from each technique can be compared.
Table 6.2. Concentrations for IAEA Animal Blood Determined Using the 
Comparative Method, by PIXE and IN A Analyses (/^/g).
/^g/g Certified
Concentrations
INAA Results PIXE Results
Na 12600^945 1290011500 -
P 940216 - 1145143
S 6500553 - 7700+1080
K 25001350 - 24301150
Ca 286154 - 270il5
Fe 24001151 3237+400 2240630
Zn 13.011.0 12.411.9 19.213.8
Br 22.0+2.4 20.2+2.2 14.818.6
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6.4 Dry to Fresh Weight Ratios.
The skin samples were freeze dried for approximately 4.5 days, until there was no more 
reduction in weight. The dry to fresh weight ratio was calculated for each sample using 
its original (wet) and final (dry) mass. Table 6.3 shows the average ratio for the different 
types of skin: full thickness abdomen, breast, hypertrophic scar and split skin. Full 
thickness refers to the sample being a whole section of skin i.e including the epidermis 
and dermis. There were found to be significant differences between the split skin and the 
breast (p<0.02), and abdomen (p<0.01). This is not surprising as the epidermis is the 
layer that mainly retains the moisture, with it containing 70% of the water found in skin 
[Pil80], and split skin consists primarily of the epidermis. There was found to be a 
significant difference between the breast and abdomen ratios (p<0.1), with breast skin 
containing more water. No significant differences were found when comparing breast, 
abdomen and split skin with hyperti'ophic scar tissue (p>0.1). The hypertrophic scarred 
skin has a greater variation in dry to fresh weight ratio, due to the varying thicknesses 
of each sample whereas normal skin has a fairly constant thickness. There was also found 
to be no correlation with age, for all the skin types.
Table 6.3. Dry to Fresh Weight Ratios for Different Skin Types.
Skin Type Dry to Fresh Weight Ratio
Split Skin (n=9) 0.226k0.046
Abdomen (n-5) 0.345^0.058
Breast (n=17) 0.288^0.059
Hypertrophic Scar (n=7) 0.292(0.119
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6,5 Experimental Conditions.
The samples were analysed by PIXE and RBS simultaneously, using a 2MeV proton 
beam which was scanned over the sample. The beam current of 3nA was used and a 
charge of approximately (fC was collected. A mylar filter of 4^um thickness was placed 
onto the ATW Si(Li) detector, which completely filtered out any low atomic K x-rays 
from carbon, nitrogen and oxygen. Biological tissues mainly consist of H, C, N and O 
and therefore spectra will in the main be dominated by the x-ray peaks from these last 
three elements, causing high deadtimes if not suppressed.
For INAA, the samples were irradiated at the Imperial College Reactor for 35.5 hours, 
in a thermal flux of 0.8xl0^^ncm'V\ After receiving the irradiated samples at the 
University, and placing these into new clean containers, spectra were collected for various 
waiting and counting times. The waiting and counting times employed are given in Table 
6.4, which also includes the isotopes detected, gamma energy, and half life.
In total 14 breast, 5 abdomen, 6 hypertrophic scar* and 9 split skin samples were 
collected. All of the samples were analysed by PIXE, however due to time constraints 
only 13 breast and 3 abdomen whole samples were analysed by INAA. For all the breast 
samples both the epidermis and dermis were analysed using PIXE but only 3 samples for 
the abdomen, and 6 HS samples had both sides analysed due to the size of the sample 
harvested. The patient information is given in Table 6.5. The split skin samples were 
used for the majority of the in vitio experiments. Split skin is used for grafts, 
consequently it is removed in greater quantities from the patient, in case extra material 
is needed for the grafting process, hence split skin was more readily available than full 
thickness skin. Split skin is usually removed from the thigh, as the skin is easily 
accessible, and has large enough surface to remove sizable areas of skin.
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Table 6.4. Waiting and Counting Times, Gamma Energies, Half Lives for Each
Isotope Detected.
Waiting Time Counting
Time
Radionuclides
Detected
Gamma-Ray
(keV)
Half Life
4 days 30 mins Na-24 2754 15 hours
K-42 1525 12.4 hours
Br-82 777 35.7 hours
6 days 1 hr 30 mins Na-24 2754 15 hours
Fe-59 1099 45 days
Br-82 111 35.7 hours
11 days 1 hr 30 mins Na-24 2754 15 hours
Fe-59 1099 45 days
Zn-65 1115 245 days
Br -82 111 35.7 hours
Rb-86 1077 18.8 days
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Table 6.5. Patient Détails.
Patient Number Age (yrs) Sex Location Skin Type 
Removed
D 35 M Ankle FT HS
10 9 F Chest FT HS
21 54 M Chest FT HS
22 7 F Neck FTHS
30 30 F Neck FT HS
35 3 F Arm FTHS
B 24 F Thigh Split skin
M 61 M Thigh Split skin
A 36 F Thigh Split Skin
11 50 M Thigh Split Skin
12 71 M Thigh Split Skin
13 30 M Thigh Split Skin
14 12 M Thigh Split Skin
15 81 F Thigh Split Skin
16 32 M Thigh Split Skin
1/2 34 F Abdomen FT
5 42 F Abdomen FT
18 35 F Abdomen FT
28 30 F Abdomen FT
33 36 F Abdomen FT
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Table 6.5 continued. Patient Details.
Patient Number Age (yrs) Sex Location Skin Type 
Removed
9 23 F Breast FT
17 44 F Breast FT
19 60 F Breast FT
20 34 F Breast FT
25 37 F Breast FT
26 ? F Breast FT
27 35 F Breast FT
29 67 F Breast FT
31 37 F Breast FT
32 23 F Breast FT
34 38 F Breast FT
36 32 F Breast FT
37 23 F Breast FT
38 23 F Breast FT
FT - Full Thickness 
HS - Hyperti'ophic Scai'
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6.6 Matrix Composition.
The matrix composition was deteimined for the four skin types - hypertrophie scar, 
breast, abdomen and split skin, using the RBS values obtained. The average results for 
both the epidermis and dermis ate shown in Table 6.6, and are given as a percentage of 
the total sample weight and its standard deviation assuming that carbon, nitrogen and 
oxygen make up 100% of the sample.
Using matched pair statistics it was found that there were no significant differences 
between the epidermis and dermis for hypertrophic scar tissue, and split skin for any of 
the elements. However for full thickness breast there was a significant difference between 
the epidermis and dermis for nitiogen (p<0.1). For the abdomen there was found to be 
a significant difference between the epidermis and dermis for cai'bon (p<0.001), however 
there were only two samples in the group, which could lead to a false significance 
[Kir88].
Using the two sample t-test the different skin types were compared and it was found that 
there were significant differences between the epidermis of split skin and breast tissue 
for carbon (p<0.1) and oxygen (p<0.1). There were also differences between split skin 
and hypertrophic scat' tissue for the epidermis for the elements caibon (p<0.02) and 
oxygen (p<0.05), and the dermis for carbon (p<0.01) and oxygen (p<0.1). It was also 
found that there was a significant difference between HS and abdomen for the epidermis 
for the oxygen (p<0.1). However significance of the statistics could be false due to the 
small sample numbers, except breast tissue.
Table 6.6. Matrix Composition for Skin (-Standard Deviation) Detennined by RBS.
vjb % Split Skin 
(n=3)
Abdomen
(n=2)
Breast
(n=14)
Hypertrophic Scar 
(n=3)
Epidermis Dermis Epidermis Dermis Epidermis Dermis Epidermis Dermis
c 61.3tl.O 62.242.8 63.6%. 1 62.342.1 66.544.7 66.014.9 66.941.9 66.6*5.2
N 25.910.5 25.5+2.2 23.9+1.8 25.440.6 23.243.2 23.743.2 23.8*2.2 23.8*2.4
O 12.8+0.6 12.3+0.7 12.5+0.5 12.3+1.4 10.342.2 10.342.3 9.3+1.7 9.641.9
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6.7 Trace Element Results.
Full thickness breast, abdomen and hyperti’ophic scar tissue were analysed, and the results 
for the epidermis and dermis were found. Table 6.7. shows the results obtained for PIXE 
for both the epideimis and dermis, for abdomen and breast, and Table 6.8 shows the 
results determined by INAA for the breast and abdomen. The arithmetic and geometric 
means are given with their standard error (where the standai’d error is defined as one 
standard deviation over the square root of the number of samples). Table 6.9 gives the 
results obtained for hypertrophic scars, for both PIXE and INAA. Using INAA the whole 
sample is analysed and therefore compai’isons between the epidermis and dermis cannot 
be made. Where an element was not detected in any sample the minimum detection limit 
is given, in bold type.
In all the samples P, S, Cl, K, Ca, Fe, Br, Na were found. Also in the majority Si, Zn, 
Cd, and Rb were detected with a few cases where Sn was found. The elements Na, K, 
Br and Rb were detected using INAA. Ron was only detected in a few hypertrophic 
samples. Zinc was detected using both PIXE and INAA, consequently the tables show 
results for the epidei’mis and demiis (PIXE), and whole skin (INAA).
From the tables it can be seen that the standard error associated with the arithmetic mean 
for some elements is very high, corresponding to a high standard deviation. This shows 
that there is a large range in value and may be explained by the different skin products 
that are absorbed into the skin that each individual used. Each person would probably 
have used soap, deodorant, and maybe moisturiser, and these will all be manufactured 
by different companies. However the basic components of soap should be the same and 
the differences will be due to perfumes that are added to the product, and this will also 
be tme for the other skin care products. The results agree with the published data that are 
summarised in Chapter 2, Table 2.7. The results here cover a depth of Sdjtm into the 
epidermis which is from the stratum corneum to the stratum spinosum, whereas Table 2.7 
shows the concentrations for each layer of the epidermis, and the bulk dermis.
Bang [Ban95] analysed normal skin and hypertrophic scar tissue, using flame atomic 
absorption. The study did not separate the epidermis and dermis, therefore the whole skin
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was analysed. It was found that the zinc concentration in normal skin was 
11.99±1.09iig/g, and in HS caused by bui’ns 10.8±2.3pg/g [Ban95], This corresponds well 
to the Zn concentrations determined by INAA for the breast (14.4pg/g), abdomen 
(11.8pg/g), and HS (18.0pg/g). However the Zn results obtained for HS in this work aie 
greater than in the normal skin, where Bang found the Zn concentration greater in the 
normal skin tissue that the HS tissue. It is known that zinc is involved in the process of 
wound healing [Und77], therefore a higher concentration in a scar tissue compared to 
normal tissue, which was a healed wound, is to be expected.
An element is described as essential if the element is maintained by biological processes, 
and has a normal (or symmetrical) distribution. A non-essential element’s concentration 
is conti’olled by external sources such as food, and the environment, and will have a log­
normal distiibution. By plotting the concentrations of an element it can be determined if 
it is essential or non-essential, by seeing if there is a normal or log-normal distribution 
respectively [Lie68]. The cumulative frequency distribution can also be plotted and an 
essential element will give an ’S-shape’ line, whereas a non-essential element will 
produce a straight line. The cumulative distribution was plotted for the elements Si, P, 
S, Cl, K, Ca, Fe, Zn and Cd for both the epideimis and deimis of breast tissue (Figures
6.1 to 6.6), however as there were only 14 subjects the results may not show the true 
essentiality of each element.
From the graphs it can be seen that in some circumstances a true S-shape is not shown, 
but there is a definite cuive, which could mean with more samples that an S-shape would 
be observed, showing that the element is essential. For the elements Si, P, S, Cl, K, Fe, 
Zn, and Cd in the epidermis, and Ca, S and Fe in the deimis there are curves which 
could mean that they are essential, but more samples are needed to confirm this. There 
are stiaight lines for Ca in the epidermis, and P, Cl and Zn in the dermis. It is known 
that Zn is essential in wound healing [Nja91] and the gi'owth of tissues [Dav72], 
therefore Zn should be an essential element, and not a non-essential which the straight 
line indicates, which means that due to subject numbers the true essentiality is not being 
shown.
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Figure 6.1. Cumulative Frequency Distiibution Plots for Si, P, S, and Cl 
Concentrations J^g ), for the Epidermis.
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the Dermis.
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6.7.1 Regional Differences.
Skin was analysed from a patient (subject 9) from two different regions, the left breast 
and the right breast and the elemental concentrations are given in Table 6.10, with the 
associated error deteimined by counting statistics.
From the table it can be seen that for most elements the concentrations for the epidermis 
ai*e very similar and lie within the regions of en’or. However in the dermis for Si, P, Cl, 
K and Zn the concentrations for the different regions are quite different and are out by 
a factor of between 1.5 and 4. This difference could be attiibuted to skin care products 
but it would be assumed that equal quantities would be used on both breasts, which 
suggests that the samples were contaminated. This contamination may have happened in 
the excision of the samples, one side being contaminated more by blood than the other 
side, but both samples were washed in deionised water as described in section 4.3.1. 
However, some of the elements increase in concentration whereas others decrease suggest 
that it is not due to contamination, and must be due to the skin having varying 
concentiations across the body.
The elemental distiibution was also examined, and achieved by scanning at different 
positions on the sample, with an interval of 10mm. The largest scanning area was used 
(2mm by 2mm), and the sample was probed at 7 sites on both the epidermis and the 
dermis. The results for each element were plotted for both layers and are depicted in 
Figure 6.7 for the epidermis and Figure 6.8a&b for the dermis. It can be seen that there 
aie variations in concentration across the sample for the epidermis and the dermis. For 
S and Cl for both the epidermis and dermis, and K and Ca in the dermis the variations 
are within the enor limits. For the epidermis there are quite large variations for P, K and 
Ca and this could be due to the skin products various individuals use. However the iron 
concentration in the epidermis varies from 95 to 4Qtg/g, and this could be due to 
contamination from blood when the sample was excised from the patient. The highest 
iron concentration is at the edge of the sample and decreases as the scan moves further 
away from the edge. For the dennis, the P concentration values again vary which are not 
within the limit of error. The iron concentration is within the error limits except for one 
point which suggests that there was contamination, however it is within two SDs.
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Table 6.10. Regional Differences in Elemental Concentration J^ g )  Determined by
PIXE.
Epidermis Dermis
Left Breast Right Breast Left Breast Right Breast
Si 2360(^800 203004750 44100*1520 313004770
p 1520Qt580 15500*590 1740184 5780220
s 31600*1420 30300*4250 11800M650 11500*1610
Cl 24400i2950 2110012540 37500*4520 66600^8020
K 73703440 99401600 1950*120 4360260
Ca 23601130 1890*110 37001200 27601150
Fe 11022 11021 25050 180*34
Zn 180160 2101:70 100150 29Ü6
Cd 0.33i.l0 0.4#0.14 0.18*0.07 0.27*0.08
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Figure 6.7. Elemental Distribution Across the Epidermis.
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Figure 6.8b. Elemental Distribution Across the Dermis.
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6.7.2 Correlation Coefficients.
For both the epidermis and dermis the elemental concentr ations were checked with each 
other for correlation, for breast, and hypertrophic skin tissue. Where there were less than 
3 samples with both elements present the coiTelation coefficient could not be calculated, 
and hence the correlation coefficients were not determined for the abdomen tissue. Table 
6.11 shows the p-values for the coiTelation coefficients for the breast, for both the 
epidermis and deimis, and Table 6.12 gives the results for the hypertrophic scai* tissue. 
Table 6.12 does not give the correlation coefficients for Cd (dermis), and Sn, because Cd 
was detected in one HS dermis sample, this was also the case for Sn for the epidermis, 
and Sn was not measured in any dennis HS sample. Figure 6.9 shows the giaph of the 
correlation (p<0,001, correlation coefficient=0.9668) between P and S for the epidermis 
of breast tissue.
For breast tissue highly significant correlations (p<0.001) were seen in interelemental 
comparisons for P, S, Cl, K for the epidermis, and between P and S for the dermis, 
however there were significant differences (p<0.1) between other elements for both the 
epideimis and deimis. When comparing the epideimis and dermis, there are no significant 
correlations with iron for the epidermis but there are for the dermis. For hypertrophic scar 
tissue there aie significant correlations (p<0.05) between the elements P, S, Cl, K and Ca 
for the epideimis, and S, Cl, and K for the dermis, again there are other significant 
conelations between other elements. For iron in the HS samples, there are significant 
correlations in the epidermis with P, S, Cl, K and Ca, and only with Si in the dermis, 
however there were only 3 samples with Si in the epidermis, and with more there could 
be a correlation.
Comparing the correlations between the breast tissue and hypertrophic scar tissue it was 
found that for most interelemental comparisons that they were more significant in the 
breast tissue, for both the epidermis and deimis, than the hypertiophic scai* tissue except 
for Si-S der, Si-Cl der, Si-Fe der, P-K der, P-Fe epi, S-Fe epi, S-Cd epi, Cl-Fe epi, K-Fe 
epi, K-Fe epi, K-Cd epi, Ca-Fe epi, Ca-Cd epi, Fe-Cd epi. This shows that the elemental 
structure of normal skin is very different from hypertrophie scar tissue. The 
physical appearance of HS compared to normal skin is very different therefore it is not
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surprising that there are differences between the two for the epidermis. It is more 
astonishing to find that there are differences for the deimis, because they are both 
supplied with blood, and unless the blood supply is very different between normal and 
HS tissue, there should not be too much of a difference. Trace element concentrations in 
blood serum for Al, Se, Zn and Cu do change post-burn injury but settle back to normal 
levels after about twenty days [Sel94], and HS scais form about 6 months after the 
dermal injury has occurred, therefore the deimis concentrations for both HS and breast 
should in theory be the same. As there aie differences in both the epidermis and dermis 
it must be due to the way the HS has formed, causing the elements to be distributed 
differently when compared to breast tissue.
The elemental concentrations for the whole skin for breast and HS tissue, were checked 
for correlation and the p-values determined. It was found that for breast there were 
significant correlations for Br-Na (p<0.001), and Na-Zn (p<0.1), and for HS Br-Na 
(p<0.01), Br-Zn (p<0.1), and Na-Zn (p<0.001).
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Figure 6.9. Coirelation for P and S for the Epideimis of Breast Tissue.
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Table 6.11. The P-Values for the Correlation of Elements for Breast Tissue, for both
the Epidermis and Deimis (n=14).
Si P S Cl K Ca Fe Zn Cd
P epi <0.01 - - - - - - - -
der <0.05 - - - - - - - -
S epi <0.01 <0.001 - - - - - - -
der <0.1 <0.001 - - - - - - -
Cl epi <0.001 <0.001 <0.001 - - - - - -
der <0.05 <0.01 <0.001 - - - - - -
K epi <0.01 <0.001 <0.001 <0.001 - - - - -
der ns ns <0.01 <0.001 - - - - -
Ca epi <0.02 <0.01 <0.001 <0.01 <0.01 - - - -
der <0.05 <0.001 <0.001 <0.01 <0.05 - - - -
Fe epi ns ns ns ns ns ns - - -
der <0.05 ns ns <0.05 <0.02 ns - - -
Zn epi ns <0.05 <0.05 <0.01 <0.02 <0.05 <0.01 - -
der ns ns <0.1 <0.01 <0.01 <0.05 <0.01 - -
Cd epi <0.05 <0.01 <0.05 <0.01 <0.01 ns ns ns -
der <0.01 <0.05 <0.05 <0.001 ns ns ns ns -
Sn epi n=3 <0.05 <0.05 ns <0.01 ns ns ns ns
der ns ns <0.05 0.1 ns ns ns n=3 n=3
ns - not significant (p>0,l)
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Table 6.12. The P-Values for the Correlation of Elements for Hypertiophic Scar
Tissue, for both the Epidermis and Dermis (n=6).
Si P S Cl K Ca Fe Zn Cd
P epi n=3 - - - - - - - -
der ns - - - - - - - -
S epi n=3 <0.001 - - - - - - -
der <0.05 ns - - - - - - -
Cl epi n=3 <0.01 <0.001 - - - - - -
der <0.02 ns <0.001 - - - - - -
K epi n=3 <0.02 <0.01 <0.01 - - - - -
der ns <0.05 <0.1 <0.1 - - - - -
Ca epi n=3 <0.01 <0.01 <0.01 <0.05 - - - -
der ns ns ns ns ns - - - -
Fe epi n=3 <0.02 <0.001 <0.01 <0.02 <0.01 - - -
der <0.02 ns ns ns ns ns - - -
Zn epi n=2 ns ns ns ns ns ns - -
der ns ns ns ns ns ns ns - -
Cd epi n=2 <0.01 <0.001 <0.01 <0.02 <0.05 <0.02 ns -
ns - not significant (p>0.1)
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6.7.3 Comparison Between The Epidermis and Dermis.
Using matched pairs statistics the elemental concentiations between the epidermis and 
dermis were compared, for breast, abdomen and hypertrophic scar tissue. Matched pairs 
will eliminate any discrepancies that could occur due to the skin products that an 
individual uses, as long as we assume that the product penetrates to the dermis as well 
as the epidermis.
Comparing the epidermis and deimis it was seen that the concentrations of P, S, K, Ca 
and Zn were greater in the epidermis than dermis, and the other elements had greater 
concentrations in the dermis. Sn, and Cd varied between sample types, and was 
impossible to say if the concentrations were greater in the epidermis than deimis, due to 
the lack of samples where these elements were detected.
For the breast samples (n=14) there were significant differences between the epideimis 
and deimis for P (p<0.001), S (p<0.001). Cl (p<0.001), K (p<0.001), Fe (p<0.02), Zn 
(p<0.001), and Cd (p<0.01). For the abdomen there were significant differences for P 
(p<0.1), S (p<0.1), and K (p<0,l). For the hypertrophic scar tissue the differences were 
for Si (p<0.1), P (p<0.02), S (p<0.02), K (p<0.01), and Zn (p<0.001). It is not surprising 
that there are differences between the two layers, as the dermis is close to the blood 
supply, hence the greater concentration in iron in the dermis than the epidermis, and the 
epideimis is subjected to the natural environment. However it is interesting to see that 
there is a significant increase in Si in the deimis for hypertrophic scars. It is known that 
HS are caused by an increase in collagen [Dat90], and that silicon is the major element 
found in collagen [Ben? 8], therefore an increase in silicon in HS tissue would be 
expected.
Molokhia [Mol69] using NAA showed that the zinc concentiations in the epidennis 
(70.SI26.^/g) were 5-6 times the concentrations in the dermis (12.6l4.'^hg/g). Also that 
the zinc concentrations in whole skin would be close to the results for the dermis, 
because of the massive dermal fraction in comparison with the epidermis. It was found 
for the breast tissue that there was ~5 times more zinc in the epidermis than the dermis, 
~3 for abdomen, and -5  for hypertrophic scar tissue. It was also seen that the whole skin
189
results were very close to the results obtained for the dermis for breast and hypertrophic 
skin tissue (Tables 6.7 and 6.8).
6.7.4 Correlation with Age.
The elements were tested to see if there was any conelation with age, for the epidermis, 
dermis and whole skin. It was found for the breast samples that there was a significant 
correlation with age for silicon in the epidermis (p<0.1), and in the dermis for chlorine 
(p<0.1) and silicon (p<0.05). In the breast samples the following elements decreased with 
age: Na (whole skin), Zn (whole skin), Sn (epidermis, dermis), and Cd (dermis). In the 
literature it states that silicon concentiations should decrease with age [Und77], however 
this was not found to be the case. There were found to be no elements that coiTelated 
significantly with age for hypertrophic scars, however it was noted that Ca (dermis), Zn 
(epidermis, dermis and whole skin), Br (whole skin), and Na (whole skin) decreased with 
age.
6.7.5 Comparisons Between Normal and Hypertrophic Scar Tissue.
Comparisons were made between the skin types: breast, abdomen and hypertrophic scar 
tissue for both the epidermis and deimis, to see if there were any significant changes in 
the elemental concentrations. This was conducted using the two-sample t-test, and the 
geometiic means and associated standard errors for each gi'oup. The geometric mean was 
used as it eliminates the problems encountered when there is a large range in values.
By compai'ing the abdominal and breast tissues, significant changes in the elemental 
composition of skin in different regions were seen. It was found that there were 
significant differences between the epidermis for Cl (p<0.02), K (p<0.05), and Cd (p<0.1) 
where these elements had greater concentrations in the abdomen samples than the breast 
samples. The hypertiophic scat tissue was compared with both the breast and abdomen 
tissue. There were significant differences in P (p<0.1) between the epidermis of the breast 
and HS tissue, and a significant difference for Cl (p<0.1) between the epidermis of the 
abdomen and HS. The main difference that would be expected between abdominal and 
breast tissues, is the thickness of the epidermis and dermis, nevertheless it can be seen 
that there are differences between the two, in elemental concentration, although this could
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be due to the small sample number of samples analysed in the abdomen gioup (3/4).
6.8 In Vitro Experiments.
In vitro studies were conducted at the University of Surrey, in a biological cabinet which 
protected the samples from being contaminated by the environment. Two studies were 
undertaken, with the first one sandwiching SGS between split skin, and the second one 
placing SGS on the epidermis only. Split skin was used because it is more easily 
obtained in larger quantities than full thickness skin.
6.8.1 Initial Split Skin Experiment.
Split skin was harvested from three different patients, and each sample of split skin was 
cut into three parts. One piece was used as a control, and the other two pieces were 
sandwiched between sheets of silicone gel for 6 and 12 hours respectively. The samples 
were then prepared as described in section 4.3.1. The mean elemental concentrations, 
with the standard deviation, are given in Table 6.13.
Table 6.13. Mean Elemental Concentrations (^Standard Deviation) for Split Skin 
Graft Skin Being Sandwiched Between Silicone Gel Sheeting Using PIXE Analysis.
Element (f*g/g) Control
(n=3)
6 Hours of SGS 
(n=3)
12 Hours of SGS 
(n=3)
Si 360*1100 80608920 1550*4640
P 622012480 552013480 5700+3800
S 124001790 14250+4960 7490+4240
Cl 329001-4930 3850015780 3830018610
K 8801460 1150+850 109*550
Ca 6601180 720830 900830
Fe 220155 190166 (n=2) 20*9
Using the two-sample t-test comparisons between the control, 6 hours, and 12 hours for 
each element were made. It was found that there was a significant difference between the 
control and 12 hours for silicon (p<0.1), and it can be seen that there is a steady increase 
of silicon. This suggests that for a significant change to be registered in the silicon
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concentrations of the skin than SGS must be in contact for a minimum period of 12 hours 
with the skin, and this information was used for further investigations.
6.8.2 Further Split Skin In Vitro Experiments.
Four split skin samples were obtained and silicone gel sheeting was placed on the 
epidermis of each sample, to mimic the action the SGS has when placed on hypertrophic 
scars. The SGS was left on the skin for 24 and 48 hours, and a control piece was taken. 
The samples were prepared as before, and analysed using PIXE. The mean elemental 
concentrations, with the standard deviation are given in Table 6.14 for the epidermis, and 
Table 6.15 for the dermis. Where an element has not been detected in any sample, the 
minimum detection limit, is given in bold type.
Using matched pairs statistics the control piece for the epidermis, was compared with the 
epidermis for both 24 and 48 hours, this was also repeated for the dermis. It was found 
that after 24 hours there were significant increases in Si in the epidemris (p<0.01), and 
in the dermis (p<0.02), Fe in the epidermis (p<0.05), Zn in the epidermis (p<0.01), and 
a significant decrease in S in the dennis (p<0.1). After 48 hours there were significant 
increases in Si in the epidermis (p<0.001), and in the dermis (p<0.05), Zn in the 
epidermis (p<0.1), a significant decrease in S in the dermis (p<0.1), and Ca in the dermis
(p<0.1).
These results show that in vitro the skin will absorb Si, Fe and Zn from the silicone gel 
sheeting. The decrease in elements is either that the SGS is absorbing S and Ca from the 
skin, or as the skin is left at room temperature the skin is degrading, and consequently 
losing elements. After 48 hours tissue autolysis can occur causing elements to be lost 
[Aal87], hence the decrease in significance. However the results from Chapter 5 show 
that when SGS is in contact with hypertrophic scai' tissue, in vivo, the SGS absorbs Si, 
Fe and Zn fi'om the skin. The in vitro experiments are trying to mimic the in vivo 
experiments but tliese results show that this is not the case, and this is probably because 
the skin is removed from its blood supply. Therefore when the SGS is placed on the skin, 
in vitro, the silicon will diffuse into the skin to produce an equilibrium in concentration 
between the two systems.
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6.9 In Vivo Experiments.
Hypertrophic scai's aie usually never excised because the scar often returns, and that is
why scars are tieated with silicone gel sheeting. Consequently to analyse scar tissue that
has been treated with SGS is virtually impossible to obtain. The experiments here were
designed to see the effect of SGS on living tissue, and were achieved by placing SGS on W.a normal area of ÿn tissue that was to be removed as part of a routine cosmetic 
procedure i.e breast reduction, and the SGS was left on the skin for a minimum of 12 
hours. The skin was then excised and a control piece, as well as the piece covered in 
SGS were taken and prepared, and analysed as described in section 4.3.1.
6.9.1 In Vivo Breast Tissue Experiment.
Twelve samples were obtained from females having routine breast reductions and the 
SGS was left in place for an average of 18.8^4.3 hours with a range of 12 to 26 hours. 
The arithmetic, and geometric mean elemental concentrations are given for both the 
control skin, and the skin which was covered with the SGS, for both the epidermis (Table 
6.16) and dermis (Table 6.17), with the standard deviation obtained. In all the samples 
P, S, Cl, K, Ca, and Fe were detected, and in the majority of samples Zn was found. In 
only a few samples for both the epidermis and deimis Cd and Sn were detected. The 
elements were checked to see if they coiTelated with the time the SGS was worn, and it 
was found that there were no correlations with time, for either the epidermis or the 
dermis.
Using matched pair statistics the control was compaied to the skin which had had the 
SGS left on it, for both the epidermis and dermis. It was found that there were significant 
differences for Si (p<0.01). Cl (p<0.001), Fe (p<0.1), and Cd (p<0.02) in the epidermis, 
and P (p<0.05) in the dermis. It can also be seen that when skin is covered with SGS 
there is an increase in Si and Fe, and a decrease in Cl, K, and Cd in the epidermis, and 
an increase for Si, P, and S with SGS for the demiis, for the majority of the samples, 
when compared to the control.
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Table 6.16. The Arithmetic, and Geometric Mean Elemental Concentrations j^g/g),
(^Standard Deviation) For the Epidermis of The In Vivo Breast Tissue Experiment.
/^g/g Control (n=12) With SGS (n=12)
AM GM AM GM
Si 10700^12100
(n=9)
6800x^2.53
(n=9)
43800^60000 21400x/f3.54
P 512015040 3590x/r2.35 408013269 3160x/f2.07
S 11400Î8530 9270xy^l.91 10100Î6430 8610x/ri.76
Cl 1320048430 10800xM.94 10700Î6640 8860x^1.92
K 397012620 3290x/fl.89 354012340 3010x/rl.78
Ca 1030!610 890x^1.71 10301680 860x/ri.82
Fe 10090 64.3x^2.80 1504134 84.2x/r3.38
Zn 130H02 lOOx/a.25 12085 100x/f2.04
Cd 0.2310.17
(n=7)
0.17x/f2.23
(n=7)
0.1410.133
(n=7)
0.10x^2.21
(n=7)
Sn 0.02340.005
(n=3)
0.029x/rl.26
(n=3)
0.026+0.006
(n=3)
0.026xytl.26
(n=3)
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Table 6.17. The Arithmetic, and Geometric Mean Elemental Concentrations u^g/g),
(^Standard Deviation) For the Dermis of The In Vivo Breast Tissue Experiment.
/W g Control (n=12) With SGS (n=12)
AM GM AM GM
Si 9950+16100
(n = ll)
3820xM.10
(n= ll)
10400^12900 5860x/r2.91
P 810+1005 550xA2.23 1050%70 770x/-2.28
S 585044076 4820X/M.88 6110^3670 5140x^1.86
Cl 18500112100 15100x/fl.97 168009760 14300xM.84
K 1860+1130 1530x/-rl.99 1700921 1460x/fl.80
Ca 830590 670x/t1.98 850+538 700xA2.01
Fe 190+174 100x/f3.69 1801202 76.4x/r4.52
Zn 23.2429.0
(n=9)
13.2x/S.94
(n=9)
32.5138.5
(n=8)
18.7x/f3.00
(n=8)
Cd 0.1110.081
(n=6)
0.09x/t2.43
(n=6)
0.1110.07
(n=4)
0.09x/Al.92
(n=4)
Sn 0.02340.005
(n=3)
0.023x/tl.26
(n=3)
0.01710.006
(n=3)
0.016x41.49
(n=3)
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From Chapter 5 it was shown that when SGS is placed on skin that the SGS absorbs Si, 
S, Cl, K, Ca, Fe, Zn, Cd, Sn, and Ag from the skin, as the clinical SGS had higher 
concentrations of these elements than the unused SGS. For the elements Cl, K and Cd 
there is a decrease in concentrations in the epidermis, when skin is covered with SGS 
which relates to the findings in Chapter 5. However an increase in Si in the epidermis, 
can not be due to the SGS but due to some process taking place within the skin. For 
example the SGS absorbs silicon from the epidermis, and then there could be a transfer 
of silicon from the dermis, to replenish the epidermis. However these results do show that 
the SGS is interacting with the skin, which has not been shown before. When the SGS 
is placed on skin, in vivo, the gel absorbs elements from the skin which results in some 
internal process taking place between the epidermis and dennis, which causes elements 
to be transferred from the dermis to the epidermis.
6.9.2 Compositional Changes.
For each element the concentrations in the epidennis were plotted against the dermis for 
breast tissue without SGS (controls), with SGS, and hypertrophic skin tissue without 
SGS. This was to see if there were any differences in the elemental composition between 
them. By considering the concentrations of breast tissue with and without SGS, it could 
be seen if the SGS had changed the compositional structure of the skin. For each graph 
a regression line was fitted (the correlation of each line is given in brackets), which 
would emphasise any differences between the skin types. The giaphs are shown in Figure 
6.10a to 6.10f for the concentrations of Si, P, S, Cl, K, Ca, Fe and Zn, respectively.
It can be seen that for the elements P, S, Cl and K the SGS has no effect on the structure 
of the skin, as both breast types (with and without SGS) have regression lines that are 
overlapping. However in the previous section it was shown that there were significant 
differences for P and Cl between the breast tissue with SGS and the control, therefore 
this shows that the effect the SGS has on concentration, occurs equally for both the 
epidermis and dermis. For all eight elements it can be seen that the elemental 
composition of the breast tissue is different from hypertrophic scar tissue, and it can be 
noted that for the elements Si, P, and K in HS tissue that the concentration is greater in 
the dermis than the epidermis, compared to breast tissue. The differences in elemental
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composition must be attributed to the way the scar tissue forms after the wound has 
healed. Before the injury the skin tissue would be assumed to have the elemental 
composition of normal skin, however after the scar has formed the composition is 
dissimilar, also the appearance of the normal and HS are different which might therefore 
further suggest that a difference in composition is to be expected.
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Figure 6.10b. The Epidermis Concentrations Against Dermis Concentrations for
Breast Tissue With and Without SGS, and Hypertrophic Scar Tissue for P.
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Figure 6.10d. The Epidermis Concentrations Against Dermis Concentrations for
Breast Tissue With and Without SGS, and Hypertrophic Scar Tissue for Cl.
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Figure 6.10f. The Epidermis Concentrations Against Dermis Concentrations for
Breast Tissue With and Without SGS, and Hypertrophic Scar Tissue for Ca.
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6.10 Conclusions.
The major, minor and trace element composition of 14 full thickness breast tissues, 5 full 
thickness abdominal skin tissues, 6 hypertiophic sca^tissues and 9 split skins, for both 
the epidermis and deimis were deteimined using and INAA. The major element 
composition (i.e the matiix) was found using RBS. Over a small region of sample there 
were small vaiiations for each element, but when comparing samples from different 
regions of the body the variations for each element increased further. The bulk matrix of 
the skin consisted of carbon, nitrogen and oxygen. There were significant differences 
between the split skin and breast tissue for caibon for the epidermis, and split skin with 
hypertrophic scar for C, and O for both the epidermis and dennis.
In all the samples P, S, Cl, K, Ca, Fe, Br, and Na were found, and in the majority Si, Zn, 
Cd and Rb were also detected. In a few samples Sn was detected. The results agiee with 
recent published data which was given in Table 2.7. Zn was determined in the epidermis, 
dermis and whole skin. There were significant differences between the epidermis and 
dermis for P, S, Cl, K, Fe, Zn and Cd which was not surprising as the dermis is closer 
to the blood supply and is the living part of the skin. There were differences between the 
breast tissue and hypertrophic scar tissue for P (p<0.1) in the epidermis. A correlation 
was found for Si with age for both the epidemris (p<0.1) and the dermis (p<0.05), and 
chlorine in the demris (p<0.1) for normal breast tissue, but no such correlations were 
found for hypertrophic scar tissue.
The concentrations of elements were tested for correlation and significant interelemental 
correlations were found for P, S, Cl, and K for the epideimis, and P and S in the demris 
for both breast and HS tissues. There were also other correlations; in breast tissue for 
example there were significant conelations with iron in the dermis but none in the 
epidermis, whereas in HS tissue there more significant correlations with iron in the 
epidermis than in the demris.
In vitro experiments were carried out where split skin was sandwiched between sheets 
of silicone gel sheeting. It was found for there to be a significant increase in Si, the SGS 
must be in contact with the skin for 12 hours. Another experiment showed that when
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SGS was left on the epidermis, there were significant increases in the concentiations of 
Si (p<0.01), Fe (p<0.05), and Zn (p<0.01) for the epidennis, and a decrease in the deimis 
concentrations of S ((^<0.1), after 24 hours. After 48 hours the Si concentration increased 
in the epidermis, but the tissue was starting to degrade and the significant differences 
began to decrease for Zn and Fe.
In vivo experiments were caitied out on breast tissue, where the SGS was placed on an 
area to be excised, for a minimum of 12 hours. It was found that there were significant 
differences in concentiation for Si (p<0.0.1). Cl (p<0.001), Fe (p<0.1) and Cd (p<0.02) 
in the epidermis, and for P (p<0.05) in the dermis, where the Si, Fe, P, and S 
concentiations increased. However, in Chapter 5 it was shown that SGS absorbs elements 
from the skin, in vivo, and therefore there must be a biological change taking place 
within the skin, where the SGS absorbs an element from the epidermis, which is replaced 
by transfer of the same element from the dermis.
Graphs were plotted of the elemental concentrations in the epidermis against the dermis 
to show the elemental composition of the breast tissue, hypertiophic scar tissue, and 
breast tissue which had been covered with SGS. It was found that the effect of contact 
with the SGS on elemental levels occurred equally for both the epidermis and deimis.It 
was also seen that the composition of HS was different when compared with breast 
tissue, and the concentration for Si, P, and K was found to be greater in the dermis than 
the epidermis.
The results in this chapter show that there ai*e elemental differences between the 
epidermis and dermis, and between different skin types. Also that the elemental 
composition of HS tissue is different from that of breast tissue, which could be attributed 
to the way the HS forms. It also shows that SGS has an effect on the skin tissue, which 
results in a transfer of elements between the epidermis and deimis.
205
References For Chapter Six.
[Aal87] Aalbers TG, Houtman JPW, Makkink B 
Trace-Element Concentrations in Human Autopsy Tissue 
Clin Chem 1987, 33(11) p2057-2064
[Ban95] Bang RL, Dashti H
Keloid and Hypertrophic Scars: Trace Element Alteration 
Nutrition 1995 supplement, 11(5) p527-531
[Ben78] Bendz G, Lindqvist I 
Biochemistry of Silicon and Related Problems 
Plenum Press, New York, 1978
[Dat90] Datubo-Brown DD 
Keloids: A Review of the Literature 
Br J Blast Surg 1990, 43(1) p70-77
[Dav72] Davies IJT
The Clinical Significance of the Essential Biological Metals 
William Heinemann Medical Books Ltd, London, 1972
[Hey84] Heydorn K
Neutron Activation Analysis for Clinical Trace Element Research, Volume I 
CRC Press, Florida, 1984
[Jng73] Ingamells CO, Switzer P
A Proposed Sampling constant for use in Geochemical Analysis 
Talanta 1973, 20 p547-568
[Kir88] Kirkwood BR
Essentials of Medical Statistics
Blackwell Scientific Publications, Oxford, 1988
[Lie68] Liebsher K, Smith H
Essential and Non-essential Trace Elements: A Method of Determining Whether an Element is Essential 
or Non-essential in Human Tissue
206
Arch Environ Health 1968, 17 p881-890 
[Mol69] Molokhia MH, Portnoy B
Neutron Activation Analysis of Trace Elements in Skin: II Zinc in Normal Skin 
Br J Derm 1969, 81 p759-762
[Mur85] Muramatsu Y, Parr RM
Survey of Currently Available Reference Materials for Use in Connection with the Determination of Trace 
Elements in Biological and Environmental Materials 
IAEA/RL/128, 1985
[Nja91] Njau SN, Epivatianos P, Tsoukali-Papadopoulou H, Pstiroulis D, Stratis JA
Magnesium, Calcium and Zinc Fluctuations on Skin Induced Injuries in Correlation with Time of Induction
Forensic Science International 1991, 50 p67-73
[Pil80] Pillsbury D.M, Heaton C.L
A Manual of Dermatology
W.B. Saunders Company, Philadelphia, 1980
[Roc89] Rockwell WB, Cohen IK, Ehrlich HP 
Keloids & Hypertrophic Scars: A Comprehensive Review 
Plast Reconstr Surg 1989, 84(5) p827-837
[Sel94] Selmanpakoglu AN, Cetin C, Sayal A, Isimer S
Trace Element (Al, Se, Z, Cu) Levels in Serum, Urine and Tissues of Burn Patients 
Burns 1994, 20(2) p99-103
[Spy88] Spyrou NM, Al-Mugrabi MA
Mass Fractionation and the Sampling Factor in Cyclic Activation Analysis 
J Trace Microprobe Techniques 1988, 6(3) p425435
[Spy90] Spyrou NM, Farooqi AS, Arshed W, Akanle OA
Determination of tire Sampling Factor in Biological Standards using INAA and PIXE Analysis 
Nucl Instr & Meth Phys Res, 1990, A299 p589-592
[Und77] Underwood EJ
Trace Elements in Human and Animal Nutrition
207
4th Edition, Academic Press, New York, 1977
208
Chapter 7. Conclusions & Suggestions for Future
Work.
7.1 Conclusions.
PIXE, RBS, and IN A analyses were used to determine the elemental composition of 
silicone gel sheeting and skin tissue in order to find out whether there were any 
interactions taking place between the two. Normal skin tissue was analysed and the 
elemental concentrations of the epidermis and demiis were deteimined. There has been 
little or no information about the ti'ace element composition of each layer of skin in 
recent publications. As the dermis is closer to the blood supply and has different 
properties, it is only to be expected that elemental concenti ations would be different from 
the epidermis.
At the beginning of this work a new Atmospheric Thin Window (ATW) Si(Li) detector 
was purchased after the breakdown of a Be window Si(Li) detector, which required 
calibration. It was found that the energy calibration was very linear (linear coixelation 
coefficient = 0.9999), and the detector had an energy resolution (FWHM) of 141.9- 
17.4eY at 5.9keV which compared well with the manufacturer’s stated resolution of 
140eV. The distance of the crystal behind the window was calculated to be 13.8mmi
0.6mm, and the crystal dimensions were found to be 5.4mm diameter and 3.5mm thick 
10.2mm. Good resolution and linearity are required for the correct identification of x-ray 
peaks, and the detector window distance is one of the parameters required in PIXAN, in 
order to obtain accurate quantitative results.
A mylar filter of 4 ^ n  thickness was placed on the ATW Si(Li) detector face, when 
analysing the skin and scai' samples. This filtered out any low atomic K x-rays from 
carbon, nitrogen and oxygen. Biological tissues mainly consist of H, C, N and O and
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therefore spectra will in the main be dominated by the x-ray peaks from these last three 
elements, causing high deadtimes if not suppressed. For the analysis of the silicone gel 
sheeting a mylar filter of 6!^ri was used, so as to reduce the silicon x-ray peak.
The accuracy of FIXE and INAA were compared by analysing IAEA Animal Blood with 
Bowen’s Kale as the reference material, using the compar ative method. For elements Na, 
P, S, K, Ca, and Br the concentrations were found to be within the limits of error and 
agreed well with the certified concentrations.
The bulk matrix of unused silicone gel sheeting was deterarined using RBS and was 
found to consist of carbon, oxygen and silicon. There were highly significant differences 
in concentration between this gel and that in contact with the skin of a control group and 
the clinical group for carbon, nitrogen and oxygen, except when comparing the unused 
gel with the control silicone gel sheeting for oxygen.
Silicone gel sheeting samples were analysed and the elements Si, Cl, Ca and Fe were 
detected in the majority of the samples, and in a few Zn, Ag, Sn and Cd were also found. 
Elements were tested for correlation and only Ca-Fe, and Ag-Cl were found to be 
significantly correlated, suggesting that other elements found in the silicone gel sheeting 
did not have an associated chemistry. Silicone gel sheeting was worn for a week, by 
twenty subjects who did not have hypertrophic scars, and the gel on removal was 
analysed. The same elements were detected as in the unused gel, however sulphur* was 
detected in all the ’control’ gel samples, and P and Mn in a few. The unused gel was 
compared to the ’control’ gel and there were significant differences for Cl, K, and Ca and 
elemental concentrations were found to be greater in the contr ol gel than the unused gel.
The clinical trial consisted of nine patients who had hypertiophic scars. They wore the 
gel for a period of three months, and the gel was shown to reduce and flatten the scars. 
The gel not only improved the appearance of the scar, but one patient said the scar* 
reduced the pain associated it. The elemental composition of the gel was found and 
consisted of Si, S, Cl, K, Ca, Fe and Zn in the majority of the samples, and P, Mn, Sn, 
Ag and Cd were detected in a few of the samples. Scatter graphs of concentration against
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time were plotted for the major and minor elements with time for the subjects. It was 
found that for a particular subject, several elements reached their maximum concenti ation 
at the same time, however this time varied for each individual. It was concluded that the 
elemental concentrations are time dependent, but the time dependency varies for each 
subject.
Sulphur was found to be present in all the ’clinical’ gel but only once in the unused gel, 
believed to be contamination. For zinc there were no significant differences in 
concentration and this was unexpected, since zinc is an essential element for wound 
healing. However it should also be noted that a hypertrophic scar is a healed wound. The 
significant differences between the unused and clinical gel vary between subjects, for 
different elements, which suggests that these differences were not due to the 
’contaminants’ (Transpore tape, soap, Aqueous Cream that were used in the protocol) but 
due to an interaction between the SGS and the scar tissue. The increase in the elements 
in the clinical SGS shows that the elements are being absorbed from the skin.
The clinical gel was compared to the control gel, and again any significant differences 
for each element, varied between subjects. In all cases the silicon concentration was 
greater in the clinical gel than the control gel, whereas the concentrations of Ca, Fe, S 
and K were reduced (except for one subject). There is evidence to suggest that the 
increase in silicon is due to the absorption of the element by the gel from the collagen 
present in the scar, thereby causing the collagen molecules to break down and the scar 
to regress. The sulphur concentration which increased between the unused gel and the 
used gel (both control and clinical) was thought to be due to the Aqueous Cream that is 
rubbed into the scar tissue. However if this were true the control and clinical sulphur 
concentrations should be equivalent, but this was found not to be the case. There was 
more sulphur in the control gel than in the clinical gel, suggesting that scar tissue absorbs 
less aqueous cream than normal skin tissue.
The major, minor and trace element composition of both the epidermis and dermis of 14 
breast skin samples, 5 abdominal skin samples, 7 hypertrophic scar full thickness tissue, 
and 9 split skin samples were analysed. The bulk matrix for skin consisted of carbon.
211
nitrogen and oxygen and there were significant differences between split skin and breast 
skin tissue in the epidermis for carbon, and between split skin and hypertrophic scar for 
carbon and oxygen for both the epidermis and dermis. In all the samples P, S, Cl, K, Ca, 
Fe, Br and Na were found, in the majority Si, Zn, Cd and Rb, and in a few Sn was also 
detected, and the results agreed with published data. Significant differences in 
concentiation were found between the epidermis and dermis for P, S, Cl, K, Fe, Zn, and 
Cd which is not surprising, as the dermis is closer to the blood supply and is the living 
part of the skin, and the epideimis is subjected to the natural environment and skin care 
products. Correlations with age were found for silicon in both the epidermis and dermis, 
and chlorine in the dermis for normal breast tissue.
The elements were checked for correlation for both the epidermis, and dermis, and there 
were found to be significant interelemental conelations for the epidermis between P, S, 
Cl, K and in the dermis for P and S. It was found that for breast tissue there were 
significant coixelations for iron in the dermis, and none in the epidermis, whereas for 
hypertrophic scar tissue the significant correlations in for the epidermis, for iron. This 
shows that there are elemental compositional differences between the breast tissue and 
hypertrophic scarred tissue for both the epidermis and dermis.
In viti'o experiments were carried out with split skin and silicone gel sheeting. An initial 
experiment where the split skin was sandwiched between sheets of the gel, found that 
there was a significant increase in the silicon concentrations after 12 hours. A further 
experiment, where the SGS was placed on the epidermis only, found that there were 
significant increases in the epidennis for Si, Fe, Zn, and a decrease in S in the dermis 
after 24 hoius of contact. After 48 hours the silicon concentration increased in the 
epidermis, but the tissue was starting to degrade and other elemental concentrations 
started to decrease.
In vivo experiments were carried out on breast tissue, where the patient wore the SGS 
for at least 12 hours before the skin was excised. It was found that there were significant 
differences between the control and the covered skin for Si, Cl, Fe and Cd in the 
epideimis, and P in the dermis, where the Si, Fe, P and S concentrations increased. This
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suggests that the silicone gel sheeting is interacting with the skin tissue. The elemental 
concentrations for each element were plotted for epidermis against dermis for breast with 
and without SGS, and hypertrophic scar tissue. It was found that the effect the SGS had 
on concentration occurs equally for both the epidermis and dermis, due to the plots for 
breast tissue with and without the silicone gel sheeting overlapping. Also the structure 
of the HS was different from breast tissue, with the concentration for Si, P and K found 
to be greater in the dermis than the epidermis, when compared to breast tissue. The 
differences in elemental composition could be attributed to the way the scar tissue forms 
after the wound has healed and the differences in appearance between the two. Before 
the injury the skin tissue would be assumed to have the elemental composition of normal 
skin, however after the scar has formed the composition is dissimilar.
In Chapter 5 it was shown that silicone gel sheeting absorbs elements from the skin, in 
vivo, however Chapter 6 shows that for some elements the concentration increases, in 
vivo and in vitro. Consequently there must be a biological change taking place within the 
skin. When the SGS absorbs elements from the epideimis, there is a tiansfer of elements 
from the dermis to the epidermis, to account for this increase in concentration in the 
epideimis.
It has been shown that there is an interaction between the SGS and skin tissue, with the 
SGS absorbing elements from the skin. The SGS absorbs silicon causing the collagen 
molecules to break down, and the scar to regress, with an improvement in the scar’s 
appearance. Therefore it is shown that application of SGS is a viable treatment, and 
it was shown that the SGS causes hypertrophic scais to regress. It also establishes that 
there are significant differences in terms of elemental composition between the epidermis 
and deimis of skin and scar tissue, and that the elemental composition of hypertrophic 
scai' tissue is different from breast tissue, which should lead to better understanding of 
its formation.
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7.2 Suggestions for Future Work.
Following on from this work, it would be useful to investigate the differences in each 
layer of the epidermis and dermis in order to study the diffusion properties of the silicone 
gel sheeting to be studied further, at each layer. This could be achieved by sectioning the 
skin, by taking a transverse slice of the skin (i.e cut perpendicular to the epidermis) and 
obtaining elemental 3-dimensional maps for the major and minor elements. Using these 
maps the dimensions of each layer could be found. This information could be compared 
with scarred skin, to see the differences between layers and the diffusion properties of 
the silicone gel sheeting on both normal and scarred skin. As well as analysing the skin 
that had been covered with SGS, the SGS that was used could also be analysed, to enable 
the interaction between the SGS and skin to be completely understood.
It has been shown that the elemental composition of normal skin compared to scarred 
skin is different. By using scanning and transmission electron microscopes the epidermis 
and dennis of normal and HS tissues could be studied, and to relate structural differences 
between the two to the compositional changes found.
Most breast implants consist of a silicone gel envelope which contains silicone oil. In the 
literature there has been recent dispute whether breast implants cause cancer or any 
autoimmune disease [Teu93]. A number of studies have been undertaken but have shown 
nothing conclusive [Pet94, Yos93]. Around an implant a capsule will form, and in the 
case of breast implants the capsule will consist of excess collagen [Cus95], which is 
basically like scar tissue. If this capsule were analysed, it could be seen how similar this 
was to hypertrophic scar tissue, which has been covered with silicone gel sheeting. As 
the silicone gel sheeting that is used for the treatment of hypertrophic scars and the breast 
implant consist basically of the same material, the breast capsules could provide some 
useful additional information on the interaction of silicone gel with skin and scar tissue.
The blood supply of hypertrophic scars has not been studied in depth, and it would 
therefore also be interesting to find out the differences between normal skin and scarred 
tissue. The way the blood flows could give some insight into the formation of the scar,
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and why there is a build up of excessive collagen. This could be achieved by using an 
ultrasound scanner which would measure the blood flow rate, and thermal imaging which 
would locate the position of the capillaries involved.
When a rubber band is stretched there is an associated temperature change, and an 
increase in energy. It has been suggested that this could be the same for silicone gel 
sheeting, causing a chemical reaction to occur [Cla95], which allows the transfer of 
elements from the skin to the silicone gel sheeting, and consequently a transfer of 
elements from the dermis to the epidermis. Therefore an area could be imaged, using 
thermal imaging, with and without silicone gel sheeting to see if there is a related 
temperature change, and compared to hypertrophically scarred skin. Micro-thermal 
imaging could be used to monitor the circulation under the skin as well as the blood flow 
of a hypertrophic scar for comparison with a normal scar and normal skin tissue.
This thesis has concentrated on one aspect of hypertrophic scars; the elemental 
composition changes when tieatment of these scars takes place by the application of 
silicone gel sheeting. However there is considerable scope for additional work that could 
be undertaken which would produce a model that not only shows the elemental 
composition of hypertiophic scai’s but their vascularity, and structural composition. This 
should give a better insight into this important problem of the formation of hyperti'ophic 
scars and them ti'eatment.
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Appendix A. 
Procedure for Wearing Silicone Gel Sheeting.
This is a copy of the patient’s instruction sheet prepared by Annette Leveridge, Mount 
Vernon Hospital, Northwood, Middlesex:
Silicone Gel Sheet. 
(A Standard Treatment for Post Burn Scars)
1. Silicone gel is a clear jelly-like sheet of silicone. It is an effective beatment for 
hyperti'ophic scars. The gel softens and flattens the scai* and makes it more mobile like 
normal skin.
2. The study in which you are taking part is an attempt to determine the mode of action 
of silicone dressings on the scar.
3. The dressing is supplied in a sealed pack and is held between two foam protectors. 
Remove the dressing from the pack and after removing the foam from the surface of the 
gel in contact with the scar discard the pack and foam. You will have received the new 
pack in which the dressings should be kept between the foam sheets when not in use.
4. Silicone gel should be applied to the scar and held in place using the Transpore tape 
supplied.
5. Silicone gel should be intioduced to the skin in stages. The gel should be worn for a 
short period, e.g. 1 hour and the skin checked for redness and itching. (This is quite 
normal and is similar* to a heat rash). Gradually increase the length of time the gel is 
’worn’. If the skin reacts introduce the gel more slowly with frequent resting periods of 
up to 30 minutes. As the skin becomes accustomed to the gel it should be worn for 10 
hours at a time during the day or night.
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6. The silicone gel sheet should be looked after and always put back into the package 
supplied. It should be taken off the skin, rinsed UNDER WARM WATER AND 
DRIED WITH A CLEAN TOWEL. Put the gel between the foam sheets and insert into 
the package.
7. When washing the scar or showering/bathing only use Johnson & Johnson soap 
supplied. After drying the skin, apply aqueous cream BP cream supplied and spend 
several minutes pressing down on the scar while finger massaging the scar with small 
circular movements. The scar should be massaged with the cream three times a day, 
which will help to soften, flatten and stop the scai* from drying out. You do not need to 
wash the scai* every time before massaging.
8. At the end of the week the silicone dressing should be placed in the package between 
two pieces of foam and the package sealed. The package should be sent to Surrey 
University in the stamped and addressed envelope supplied.
9. A fresh piece of silicone dressing should be used for the next week’s treatment and 
repeat instructions 3-9 for 12 weeks.
10. After 4 weeks, you will be given an appointment to see Annette Leveridge and will 
be provided with a further months supply of gel and packets.
The research study in which you are taking part is being undertaken by The RAFT 
Institute of Plastic Surgery, Mount Vernon Hospital and Surrey University, Guildford.
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Poster presentation
Hollands R, Spyrou NM
Elemental Composition of Hypertrophic Scar* and Normal Skin Tissue Using Proton 
Induced X-Ray Emission
4th International Conference on Methods and Applications of Radioanalytical Chemistry, 
Kailua-Kona, Hawaii 
6-11th April 1997 
Oral Presentation
219
Hollands R, Spyrou NM
Elemental Composition of Hypertrophic Scar and Normal Skin Tissue Using Proton 
Induced X-Ray Emission
6th Annual Workshop, EPSRC Ion Beam Facility, Electronic and Electrical Engineering 
Dept, University of Suney 
17th April 1997 
Poster presentation
Hollands R, Spyrou NM, Vijh V, Scales JT
Elemental Composition of Skin Tissue by PIXE and IN A Analyses
J Radioanal Nucl Chem 1997, 217(2) pl85-187
Hollands R, Spyrou NM
Elemental Composition of Hypertrophic Scar and Normal Skin Tissue Using Proton 
Induced X-Ray Emission
To be published in Journal of Radioanalytical and Nuclear* Chemistry
Jenneson PM, Clough AS, Hollands R, Mulheron MJ, Jeynes C
Profiling Chlorine Diffusion into Ordinary Portland Cement and Pulverised Fly Ash
Pastes Using Scanning MeV Proton Micro-PIXE
Paper under review by Journal of Material Science
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